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‘Only when we can bring genetic and ecological constraints on speciation into a common 
framework will we begin to have a satisfactory overview of the speciation process. 
Only then will geneticists be able to join ecologists in paying homage to Santa Rosalia.’ 
 
– Joseph Felsenstein (1981) !!!!!!!!
‘Avoid irritation more than exposure to the sun …  
In the tropics one must before everything keep calm.’ 
 
– Joseph Conrad (1899) !!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!
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             Summary 
    !
It is now widely accepted that adaptation to different ecological niches can result in the 
evolution of new species. However, when gene flow persists speciation must overcome 
the antagonism between selection and recombination: Specifically, if gene flow persists, 
recombination will break down the genetic associations between alleles that characterise 
emerging species and cause reproductive isolation. Accordingly, genetic architectures 
that impede recombination can slow the breakdown of linkage disequilibrium and 
facilitate speciation.  
Mimicry in tropical butterflies has long been championed as an example of 
adaptation driving speciation. In the Neotropical genus Heliconius, distantly related 
pairs of unpalatable species often converge on the same bright warning-pattern to more 
efficiently advertise their distastefulness to predators. In contrast, closely related taxa 
often belong to different mimicry rings. The sister species, Heliconius melpomene and 
H. cydno are sympatric across much of Central and northern South America. Using 
artificial butterflies I reveal selection against non-mimetic hybrid colour patterns 
between these two species. These colour patterns are also used as mating cues and 
mimetic shifts may cause both pre-mating and post-mating isolation.  
However, shifts in colour pattern cannot drive reproductive isolation alone; 
rather, they must be accompanied by corresponding mate preferences. Associations 
between trait and preference loci may be broken down by mating and subsequent 
recombination. I demonstrate a genetic linkage between loci for both male and female 
mate preference and wing colour pattern in Heliconius cydno and H. melpomene. In 
addition, I present evidence for further associations between alleles affecting hybrid 
sterility and host-plant use and colour pattern loci. All this implies that linkage between 
traits that contribute to reproductive and ecological isolation is a general phenomenon in 
Heliconius with an underlying adaptive basis. Overall these results expose a genetic 
mechanism that, by impeding recombination, can facilitate speciation in the face of 
gene flow. 
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It’s a kind of magic: Genetic architecture 
and the evolution of assortative mating 1 
    
PART I: HOMAGE TO SANTA ROSALIA? 
Thirty years ago Felsenstein (1981) asked the question: “Why are there so few kinds of 
animals?” His question wasn’t entirely facetious but referred to models from the 
proceeding two decades that explored how selection might drive the evolution of new 
species. These not only implied that divergence with gene flow was possible, but in 
Felsenstein’s words, might leave the impression that it was “all but inevitable”, 
resulting in a “different species on every bush”. This is clearly not the case and implies 
further constraints on the generation of diversity other than those imposed by ecology. 
These constraints are genetic: Specifically, if gene flow persists, recombination will 
break down the genetic associations between alleles that characterise emerging species. 
In spite of this theoretical difficulty, substantial evidence now supports 
divergence with gene flow, including both individual case studies (BARLUENGA et al. 
2006; SAVOLAINEN et al. 2006) and population genetic analyses (NOSIL 2008; PINHO 
and HEY 2010). As a result, genetic mechanisms that reconcile these empirical 
observations with theory have recently received considerable attention (FEDER and 
NOSIL 2009; FEDER and NOSIL 2010; SERVEDIO et al. 2011; VAN DOORN et al. 2009). In 
particular, the underlying assumptions of many theoretical models were far too 
restrictive.  Notably, the selection–recombination antagonism largely disappears if non-
random mating is based on a trait under divergent selection – so-called ‘magic trait’ 
models of speciation (GAVRILETS 2004; Box 1). Here I review a diverse variety of 
mechanisms that can overcome the selection–recombination antagonism, and outline 
how mating systems might evolve towards exactly those mechanisms that are most 
1
!conducive to speciation. I will emphasise that the mechanism of non-random mating 
itself can play a critical role in whether or not reproductive isolation is achieved.   
 
Behavioural isolation, sexual selection and speciation 
The widely adopted biological species concept states that species are interbreeding 
populations reproductively isolated from other such groups (MAYR 1942). In fact, of the 
many species concepts available, most imply that understanding the evolution of 
reproductive isolation is a key step towards understanding speciation  – the process by 
which new species evolve (COYNE and ORR 2004). Although reproductive isolation 
may be caused by a variety of factors, even Mayr (1963), with his emphasis on genetic 
incompatibilities arising in allopatry, ranked behavioural isolation ‘far ahead of all 
others’ in terms of its importance. More recently this view has been vindicated by the 
observation that cases where species remain distinct as a result of post-zygotic isolation 
alone are rare (KIRKPATRICK and RAVIGNÉ 2002). 
 Here, I am interested in how behavioural isolation evolves, and in particular, 
how different types of genetic variation can facilitate the process when gene flow 
persists. To this end I define behavioural isolation as all differences between 
populations that reduce the attraction – and therefore mating – between individuals from 
different populations (adapted from COYNE and ORR 2004). This typically involves the 
interaction of ‘mating traits’ between the two sexes – most often a mating cue and the 
corresponding preference. I refer to cue and preference together as the ‘mate recognition 
system’ (MRS). By using this terminology I do not intend any of the connotations 
associated with the ‘recognition species concept’ (COYNE and ORR 2004; PATERSON 
1985), but simply use it as convenient shorthand to describe the complex of traits that 
lead to mating between ‘compatible’ individuals.  
 Sexual selection clearly has the potential to drive the evolution of divergent 
mate preferences. Most formal models of speciation that involve sexual selection have 
focused on Fisherian runaway selection. This makes sense since such processes can be 
based on an arbitary mating cue and it is easy to imagine how this may run in different 
directions in different daughter populations. A number of simulation studies have 
shown that sexual selection on its own can in theory induce speciation in sympatry (e.g. 
HIGASHI et al. 1999; VAN DOORN et al. 1998). However, these rely on biologically 
2
!unrealistic, or at least unusual, assumptions regarding the presence of sufficient initial 
genetic variation in female preferences, though this might be achieved by invoking 
other sources of disruptive selection (VAN DOORN et al. 2004). Secondly, sexual 
selection models face the problem of coexistence. In the absence of ecological 
divergence, it is likely that stochastic factors will eventually drive one of the daughter 
species to extinction (JOHANSSON and RIPA 2006; but see VAN DOORN and WEISSING 
2001; WEISSING et al. 2011 for a model incorporating both ecological and Fisherian 
runaway selection).  
 
 
Box 1. Magic traits are encoded by magic genes 
Since its inception (GAVRILETS 2004), the term ‘magic trait’ has caused considerable confusion, 
especially in the empirical literature. This is perhaps because ‘magic trait’ was a general term intended to 
describe a theoretical concept, but which is not in fact used a great deal in the theoretical literature. As 
such, Servedio et al. (2011) should be commended for clarifying the muddy waters surrounding its use by 
providing a clear definition. They conclude that a magic trait is ‘a trait subject to divergent selection and a 
trait contributing to non-random mating that are pleiotropic effects of the same gene(s)’. This is the 
definition I adopt here. Pleiotropy is not meant in the normal sense of a single gene influencing 
apparently independent phenotypes, but rather a gene’s tandem phenotypic effects on both selection and 
mating. This is the inherent benefit in using the term ‘magic’: The two traits, as is apparent from the 
empirical examples that exist, may often be one and the same; at the same time, pleiotropy in the more 
usual sense may be involved, where different phenotypes are respectively under divergent selection and 
contribute to non-random mating, but which are affected by the same ‘magic gene’. The emphasis on the 
underlying genetics stresses the fundamental point that under this special kind of pleiotropy the dual 
effects of a magic trait cannot be broken down by recombination. Finally, although it is more usual to 
invoke ecological selection, in principle other types of divergent selection, including sexual selection, 
may be involved.  
It has been argued (HALLER et al. submitted) that a more empirically useful definition of magic 
traits would include a sense of effect size. Distinguishing magic traits of small effect from non-magic 
traits in nature will be difficult, and only those of a certain effect size or greater will be important during 
speciation. Whilst effect size is undoubtedly important, it is unclear where such a threshold would lie, and 
it might prove to be different in different systems. As a result, I disagree that it is a useful contribution in 
terms of definition, which should simply describe a particular type of genetic architecture. Like a number 
of other factors, it is rather something to consider when thinking about how important magic traits may 
have been during speciation: Not all magic genes will be speciation genes (sensu NOSIL and SCHLUTER 
2011).   
3
!   
As such, here I largely concentrate on scenarios that include ecological selection 
and argue that sexual selection for ‘good genes’ and/or direct benefits play a vital role in 
the evolution of assortative mating between ecotypes. My intention is not to review the 
theoretical and empirical literature concerning the interaction between ecological and 
sexual selection in depth, which has been done with considerable vigour elsewhere 
(MAAN and SEEHAUSEN 2011; WEISSING et al. 2011). Rather, I hope to emphasise the 
genetic (and other) mechanisms that may facilitate the process of ecological speciation 
when gene flow persists.  
 
Speciation initiated by external factors 
To understand how different genetic architectures help overcome the difficulties faced 
by speciation with gene flow, it is useful to first consider the traditional view of 
speciation, as championed by Mayr (1942; 1963) and others during the modern 
synthesis. This is normally thought to consist of three stages: initial (externally induced) 
isolation; subsequent divergence; and finally, secondary contact. According to this 
view, speciation typically starts with some kind of geographical barrier that impedes 
gene flow – that is, external factors kick-start the speciation process by enforcing 
complete prezygotic isolation.  Once isolated, selection no longer ensures that 
individuals from the two populations remain reproductively compatible and alleles that 
cause reduced fitness in the alternative genetic background can accumulate. On 
secondary contact, behavioural isolation might occur due to incompatibilities in the 
MRS that have arisen in allopatry. Divergent viability selection may act on mating traits 
directly or genes in close linkage, leading to reproductive isolation as a by-product. In 
Gambusia mosquito fish in the Bahamas, for example, divergent body shapes have 
evolved between isolated populations in response to the presence or absence of 
predators; in video playback experiments, Langerhans et al. (2007) demonstrated that 
the corresponding females preferences have diverged in concert. Although we cannot 
know the exact mechanism underlying the divergence in mate preference it seems likely 
that the shift in the MRS is initiated by divergent selection on body shape and 
preference follows. Sexual selection may also initiate correlated divergence in the MRS. 
Fisherian runaway processes are often favoured in speciation models due to their 
4
!arbitrary nature (ANDERSSON 1994; RITCHIE 2007), but  sexually antagonist selection 
may also drive a change in the MRS (ARNQVIST and ROWE 2005; HOSKEN et al. 2009; 
KITANO et al. 2009; PARKER and PARTRIDGE 1998). 
 Incipient behavioural isolation can also be established and strengthened through 
reinforcement on secondary contact (DOBZHANSKY 1937; FISHER 1958; SERVEDIO and 
NOOR 2003).  Where gene flow is already completely restricted, the analogous process 
is termed reproductive character displacement (see BUTLIN 1987 for more on this 
distinction). Selection acts to reduce mating costs, which may be indirect costs 
associated with the production of maladaptive hybrids, or direct costs such as resources 
wasted on courtship of the ‘wrong’ species. Reinforcement has typically been inferred 
from geographical patterns of mating traits, where isolation is stronger in areas of 
sympatry than allopatry (SERVEDIO and NOOR 2003), although it can also affect other 
pre-zygotic isolating barriers (e.g. MATUTE 2010). Importantly, scenarios that involve 
sexual selection may be self reinforcing since hybrid offspring may have low mating 
success compared to parental forms (LEMMON and LEMMON 2010; NAISBIT et al. 2001; 
SVEDIN et al. 2008).  
 
Box 2. Secondary contact and reinforcement-like mechanisms 
During sympatric speciation mating traits may diverge in a process analogous to ‘reinforcement’ (and is 
in fact often referred to as ‘reinforcement-like’). Although it is true that the two processes are similar the 
initial conditions are very different, and this has consequences for the evolution of assortative mating. If 
alleles for divergent mating traits become fixed in allopatry, on secondary contact they will automatically 
be in linkage disequilibrium with those under divergent selection. In contrast if there is no allopatric 
phase, LD must be achieved de novo, perhaps due to stochastic processes (e.g. DIECKMANN and DOEBELI 
1999). Although LD will be broken down regardless of whether or not it arose in allopatry, this has 
obvious implications. Another difference is that on secondary contact selection against hybrids is 
normally expected to be reasonably strong – whether it results from intrinsic or extrinsic factors. In 
contrast, when divergence is not initiated by geographical isolation the selective disadvantage of hybrids 
will initially be low, because there has been little time for differences to accumulate. As a result the 
selective advantage of assortative mating may be insufficient to overcome any associated costs. 
Nonetheless, bearing in mind these two points, the genetic difficulties associated with the evolution of 
assortative mating discussed here are relevant whatever the geographic context. Furthermore, in contrast 
to the models, speciation in nature is unlikely to follow a pure allopatric or sympatric path, but rather 
geographical barriers may be rather more fluid, so the distinction between traditional reinforcement and 
adaptive speciation may be complex.  
5
!Speciation initiated by selection  
Reinforcement is essentially one of a number of processes that can lead to speciation 
initiated by selection, rather than isolation (BOX 2). However, the ‘stages’ associated 
with the traditional view of speciation are largely absent, and gene flow may persist 
throughout the entire process. Adaptation to different niches leads to ecological 
specialists, which on average have higher fitness than an intermediate generalist. This 
may involve discrete ‘habitat’ patches or the subdivision of a continuous resource 
(reviewed in COYNE and ORR 2004; WEISSING et al. 2011).  Thus, rather than the 
accumulation of differences in populations separated by a physical barrier, alternative 
alleles fix in two ‘populations’ separated by an adaptive valley – that is, due to 
disruptive selection, which results from the reduced fitness of hybrids between 
specialist individuals. If disruptive selection can maintain a trait polymorphism (a major 
obstacle to speciation with gene flow in itself, see Van Doorn, PhD thesis, 
http://dissertations.ub.rug.nl/faculties/science/2004/g.s.van.doorn/), without the 
evolution of reproductive isolation the underlying genotypic distribution will remain 
unimodal: If mating is random, intermediate offspring will continue to be produced. 
This may provide the raw material for selection to favour non-random mating through a 
‘reinforcement-like’ process. However, when gene flow persists, the evolution of non-
random mating itself faces two major obstacles: First, establishing linkage 
disequilibrium between genes under disruptive selection and those underlying mating 
traits; and secondly, between cue and preference. 
 
Establishing LD between ecological and mating traits 
When mating relies on a marker trait, which is not directly related to disruptive 
selection, linkage disequilibrium (LD) must be established and maintained between the 
two. Without this genetic correlation it is difficult to see how speciation can proceed. 
This is perhaps easiest to understand using the classic ‘cartoon’ example where a 
population of birds varies in bill size, which influences the ability to exploit seeds of 
different sizes. Imagine that individuals can be homozygous for large beak alleles (BB); 
homozygous for small beak alleles (bb); or heterozygous (Bb), in which cases they have 
a have a beak of intermediate size. The available seeds are either large (most easily 
exploited by large beaked birds) or small (most easily exploited by small beaked birds). 
6
!Individuals with intermediate beak sizes (Bb) are on average worse at exploiting both 
seed types, and so disruptive selection acts to remove them from the population. 
However, because mating is random with respect to beak size, heterozygous (Bb) 
individuals are continuously formed. In the same population individuals may differ in 
another trait, for example plumage colour, and individuals mate assortatively with 
respect to this trait. Again, this is controlled by a single locus, but on a different 
chromosome, with two alternative alleles: MM individuals are blue whereas mm 
individuals are red.  
 The situation described is of course unrealistically simple. Nevertheless, it nicely 
summarises a scenario where there is assortative mating (for plumage colour), but unfit 
heterozygotes in the ecological trait of interest (bill size) will continue to be formed. 
Assuming a finite population, LD may arise through stochastic processes so that, for 
example, birds with big beaks are blue (BBMM), and birds with small beaks are red 
(bbmm). However, unless disruptive selection is very strong, this genetic correlation 
will break down: LD can only be maintained when selection can remove hybrids 
between ecotypes faster than they are produced by recombination. In my cartoon 
example I have assumed that assortative mating by plumage colour is somehow self-
referential. A number of speciation models rely on selection disfavouring random 
mating, due to the production of unfit hybrids. However, unless LD can be maintained it 
is unclear how the force of disruptive selection acting on the ecological trait will be 
transmitted to the genes responsible for reproductive isolation (KIRKPATRICK and 
RAVIGNÉ 2002). 
   
Divergent selection acts on mating traits 
It will be clear that these problems do not apply when mating is based on the trait under 
selection. These include mating cues under ecological selection, which have been 
variously referred to as ‘pleiotropic mating cues’ (JIGGINS et al. 2004a) and ‘mating-
ecology pleiotropy’ (BOLNICK and FITZPATRICK 2007). However, here I adopt the term 
‘classic magic traits’, as it is not restricted to mating cues (SERVEDIO et al. 2011; see 
Box 1 for more on 'magic traits'). Mating preferences may also be under divergent 
selection, as is apparent when divergence is driven by sensory drive (BOUGHMAN 2001; 
BOUGHMAN 2002; SEEHAUSEN et al. 2008). For example, in two species of east African 
7
!cichlids the visual system seems to have diverged in response to different light 
environments. Both male nuptial colouration, which is used as a mating cue, and 
variation in the long-wave sensitive opsin gene (LWS) correlate in populations found at 
different water depths (SEEHAUSEN et al. 2008). Laboratory experiments have revealed 
an association between variation in the LWS gene and mate preference among F2 
hybrids between two depth segregated species (O. Seehausen, personal communication)  
– as such LWS appears to be a ‘magic gene’, although it is hard to prove that LWS is 
the causative factor without more fine-scale genetic analysis. Nevertheless, more 
attention has been paid to mating cues under divergent selection, rather than mating 
preferences, and I will focus on this.  
To identify ‘classic magic traits’ two criteria must be met: First, that the magic 
trait, and not a correlated trait, is under divergent selection; and secondly, that the magic 
trait, and not a correlated trait, contributes to non-random mating. A significant 
empirical problem lies in distinguishing magic traits from tightly linked genes, when 
testing for both divergent selection and the effects of a trait on non-random mating. In 
their review of magic traits, Servedio et al. (2011) assert that only one system provides 
explicit evidence for both required criteria, which rather pleasingly happens to be our 
own (JIGGINS et al. 2001a; Chapter 2). The amenability of colour patterns to 
experimental manipulation using artificial models, independent of other traits is a 
considerable advantage in this regard. Nonetheless, Servedio et al. (2011) cite an 
additional 16 strongly suggestive examples where animal mating cues seem to be under 
divergent selection (see Table 1, SERVEDIO et al. 2011). Considering the difficulty 
associated with their detection, magic traits may be fairly widespread. 
 
Divergent selection and acquired traits 
A very general class of magic trait discussed by Servedio et al. (2011) concern traits 
that have diverged to allow survival in different habitats. These will be ‘magic’ if 
individuals mate in the habitat to which they are adapted. Obvious examples might 
include geographical variation in crypsis (NOSIL and CRESPI 2006) and mimicry 
(MALLET and BARTON 1989; MAREK and BOND 2009). However, the link between 
‘habitat’ and mating might be less obvious. In some situations divergent ecological 
selection may contribute to behavioural isolation if mating traits are acquired in the 
8
!different ‘habitats’. For example, in cactophilic Drosophila larval substrate can affect 
CHC composition, which contributes to mating isolation (STENNETT and ETGES 1997). 
In the parasitic Vidua finch, females lay their eggs in the nests of other small passerines. 
A number of different ‘host races ’ have emerged (presumably due to accident) and 
each of these have evolved mouth markings to mimic the hosts chicks. This race-
specific adaption ensures the chicks’ survival and male chicks learn the song of their 
foster parents, which is subsequently used as a mating cue (SORENSON et al. 2003).  
 
Disassociation of genes underlying mating and ecological traits 
Another important point is that recombination will not only break down LD between 
mating and ecological traits, but also LD between genes that contribute to each (van 
Doorn, PhD thesis, http://dissertations.ub.rug.nl/faculties/science/2004/g.s.van.doorn/). 
When many genes control mating or ecological traits selection will need to be stronger 
to overcome the increased opportunity to produce intermediates.  Natural selection is 
known to work on traits with the full spectrum of genetic architectures. The distribution 
of genes underlying mating traits that contribute to behavioural isolation is less well 
known. However, although once again the number of loci involved varies considerably, 
the data available do suggest that in many cases mating traits are controlled by a few 
loci of relatively large effect (ARBUTHNOTT 2009). 
 
Magic traits evolving 
It is clear that genetic architectures that overcome the selection-recombination 
antagonism do exist (SERVEDIO et al. 2011). As such, theoretical predictions derived 
from mathematical models have been subsequently verified by empirical observation. In 
particular, ‘classic magic traits’ were initially considered unlikely or unrealistic by the 
theoreticians, but have subsequently been demonstrated by empiricists. However, the 
question remains as to how common these phenomena are in the real world.  The 
genetic mechanisms of behavioural isolation are inherently difficult to study, so the 
paucity of examples might reflect this difficulty, or genuinely reflect the fact that these 
mechanisms are unusual. 
  If genetic architectures that facilitate speciation were to themselves be favoured 
by natural selection, this would considerably increase our confidence in their ubiquity.  
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!Here I will argue that there is good reason to believe that ‘magic trait’ architectures 
could be favoured by selection. As such, ‘classic magic traits’ might in themselves not 
be all that special, but only achieve their role in maintaining species integrity once the 
corresponding preference has evolved. A general explanation for the origin of magic 
traits is to consider them as indicators of ‘good genes’. In other words, an ecologically 
adapted trait provides an honest indicator that offspring will inherit locally adapted 
genes.  Thus, female preferences for traits under divergent selection may evolve via 
sexual selection to ensure locally adapted offspring. When gene flow persists divergent 
mating preferences that target traits under disruptive select and result in assortment-by-
adaption will be favoured as they will reduce the likelihood of producing maladaptive 
hybrid offspring. Thus, a reinforcement-like mechanism provides a special type of 
sexual selection for ‘good genes’, and could provide a general explanation for the 
evolution of magic traits. One line of support for this scenario would be the observation 
of traits that are used in mate selection between locally adapted populations, but not 
within single populations. For example, a recent study of sticklebacks found in British 
Columbia suggests that within benthic and limnetic populations neither sex displays 
size-assortative mating preferences.  This suggests that assortative mating observed 
between populations did not arise as an automatic by-product, but has rather evolved as 
a result of local adaptation (BOUGHMAN et al. 2005; HEAD et al. 2009).  
 Sexual selection may also favour the evolution of magic traits due to preferences 
arising in response to direct benefits. For example, selection may favour female 
preferences for locally adapted males if they result in more ‘valuable’ nuptial gifts, 
better parental investment or reduced parasite transmission. In an alternative scenario, 
selection may act simply to promote the efficiency of mating, for example when 
fecundity is influenced by an individual’s ability to find a mate. Again, this is a form of 
sexual section, in that variation in a mating trait will directly relate to mating success 
(BUTLIN and RITCHIE 1989). Normally this kind of selection is thought to constrain 
divergence in the MRS, because individuals that express aberrant mating traits may 
have difficulty securing a suitable mate (BROOKS et al. 2005; BUTLIN and RITCHIE 
1989; NAISBIT et al. 2001). However, if divergent selection affecting the corresponding 
trait is strong enough, this presents a powerful mechanism by which the MRS can 
diverge in concert.  
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!Divergent selection and ‘sexually visible’ traits 
The propensity for ecologically selected traits to become magic traits will also depend 
on the extent to which they are ‘visible’ to sexual selection. Ecological traits may have 
undergone divergent evolution but not be sufficiently sexually visible. It is possible that 
this is in fact a reasonably uncommon situation. Almost all examples of extrinsic post-
mating isolation appear to involve some degree of behavioural isolation (but see 
MCBRIDE and SINGER 2010). However, this might also just reflect research efforts being 
directed towards more obvious adaptations (e.g. Beak size in Darwin’s finches 
(HENDRY et al. 2009; HUBER et al. 2007), mimetic colour pattern in Heliconius (JIGGINS 
et al. 2001a; Chapter 2), body size in sticklebacks (BOUGHMAN et al. 2005; NAGEL and 
SCHUTER 1998), which are also likely to be visible to the opposite sex. Traits with the 
potential to influence behavioural isolation may also be constrained from becoming 
‘magic’ if they are not consistently subject to divergent selection. This has recently been 
alluded to by Haller et al. (submitted), who point out that selection acting on traits that 
can influence mating will often vary in both space and time (BELL 2010; SIEPIELSKI et 
al. 2009). For example, among Geospiza ground finches in the Galapagos, beak size 
influences mate choice, either due to correlated effects on song or due to beak 
morphology itself (HUBER et al. 2007; PODOS 2001; PODOS 2010). The corresponding 
preference may be learnt through imprinting, or it may have a separate genetic basis 
(GRANT and GRANT 2002). Nonetheless, selection acting on beak size varies 
spatiotemporally so that it may be directional, stabilizing or divergent depending on the 
current conditions (GRANT and GRANT 2002; HENDRY et al. 2009). 
 
Establishing LD between mating cue and preference 
If selection favours preferences for an ecological trait the alleles underlying these two 
traits will become genetically correlated. Females that prefer individuals with a large 
beak are more likely to produce offspring that carry alleles for a large beak and the 
large beak preference; conversely, females that prefer small beaks are more likely to 
produce offspring that carry alleles for a small beak and the small beak preference. 
However, unless disruptive selection acting on the ecological trait and/or the preference 
is initially very strong, occasional mistakes will quickly break down the resulting LD. 
As such, the evolution of assortative mating through diverging mate preferences may 
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!once again depend on the underlying genetic architecture.  
 
One-allele mechanisms are immune to recombination 
When divergent selection acts on mating cue, the corresponding preference may be 
immune to the selection-recombination antagonism if it evolves via a one-allele 
mechanism (FELSENSTEIN 1981). Essentially the distinction between one- or a two- 
allele models depends on whether or not selection is divergent (MAAN and SEEHAUSEN 
2011; SERVEDIO 2009). In two-allele models different alleles are fixed in each of the 
emerging daughter species and selection is, by definition, divergent. One-allele models 
describe the situation whereby the same allele is fixed in both emerging species and 
contributes to non-random mating between the two populations. If a trait is polygenic, 
more than one allele might be fixed, but at each locus the mutation fixed will be the 
same regardless of the population in which it finds itself. As such, although selection 
may be involved, it is not divergent. Because recombination cannot break down LD 
between cue and preference, the one-allele mechanism clearly facilitates speciation. 
However, this type of genetic variation has been considered unlikely, especially with 
respect to behavioural isolation (FELSENSTEIN 1981). Testing hypotheses regarding the 
genetic architecture of mating preferences faces a number of logistical difficulties. As 
with magic traits (see BOX 1), demonstrating genetic variation of the one-allele type 
depends on a ‘gene-eyed’ view – it is necessary to identify an allele that somehow 
increases mate discrimination in both daughter taxa. This presents a considerable 
empirical obstacle as it requires both the persistence of relevant genetic variation, which 
may have been lost as a result of selection, and the ability to ‘test’ alleles in alternative 
genetic backgrounds.  
I know of only one example where this has been done. Inevitably this concerns 
the enhancement of mate preferences between two hybridizing species of fruit fly. 
‘Allopatric’ Drosophila pseudobscura females derived from populations where its sister 
species, D. persimilis, is absent show only weak mating discrimination; ‘sympatric’ 
females derived from populations where both species occur, on the other hand, exhibit 
strong mating discrimination (NOOR 1995).  Ortiz-Barrientos and colleagues (2004) 
mapped this difference in mating preference to two chromosome regions, including one 
called Coy-2 on the forth chromosome. They then introgressed this locus, using serial 
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!backcrosses from D. pseudobscura, into the genetic background of D. persimilis. Of the 
resulting females, those that received the Coy-2 allele from allopatric D. pseudobscura 
discriminated less between males of the two species than those that received the allele 
from sympatric D. pseudobscura (ORTÍZ-BARRIENTOS and NOOR 2005). Unfortunately, 
more recent crossing experiments have failed to replicate evidence for a role of Coy-2, 
perhaps demonstrating limitations, in terms of within population genetic variation, 
associated with QTL experiments (BARNWELL and NOOR 2008). Nevertheless, although 
variation of the two-allele type is almost certainly more common, the study of Ortiz-
Barrientos et al. provides strong experimental evidence that one-allele mechanisms can 
potentially influence the evolution of behavioural isolation. 
 
Two allele mechanisms and physical linkage  
When mating traits evolve via a two-allele mechanism LD between cue and preference 
may be broken down by recombination unless the two traits are in physical linkage 
(FELSENSTEIN 1981). Recently a handful of studies have revealed genetic associations 
between mating traits, though it should be noted that evidence for loci underlying the 
MRS on different linkage groups also exists (Table 1.1). Nevertheless, an obvious 
question is how might genetic associations evolve in the first place. One explanation 
may be that loci from around the genome might be gradually moved into tighter linkage 
due to selection against recombinants. However, as with the evolution of any co-
adapted gene complex, this seems unlikely as intermediate steps would still be lost 
through recombination (CHARLESWORTH and CHARLESWORTH 1975; JORON et al. in 
press). More likely is that only loci already in close linkage are recruited to coordinate 
the different aspects of the MRS. A general mechanism may involve ‘divergence 
hitchhiking’: Selection acting on ‘sexually visible’ traits may produce regions of the 
genome where the effective recombination rate between populations is low allowing the 
accumulation of preference alleles (FEDER and NOSIL 2010; VIA and WEST 2008). 
Evidence for genomic islands of divergence around genes under divergent selection is 
accumulating (e.g. HOHENLOHE et al. 2010; NADEAU et al. in press; WOOD et al. 2008), 
albeit often ‘small islands’. 
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! TABLE 1.1 – Examples of genetic studies of mating cue and the corresponding 
preference. 
 
    
 Mating cue Mating trait 
under selection 
Linkage between 
cue and preference 
    
Sulphur butterflies 
Colias eurytheme and C. philodice 
 
Wing colouration 
 
Unknown 
 
Yes1                       
(sex linkage) 
Heliconius butterflies 
H. cydno / H. pachinus 
White / yellow morphs of H. cydno alithea 
H. melpomene / H. cydno 
 
Wing colouration 
 
Yes            
(mimicry) 
 
 
Yes2           
(autosomal) 
Borer moths 
Ostrina orientalis / O. scapulalis 
Pheromone races of O. nubilalis 
 
Pheromones 
 
Unknown 
 
No3 
Almond moth 
Artificial selected lines of Cadra cautella 
 
Pheromones 
 
No 
 
No4 
Hawaiian crickets  
Male song 
 
Unknown 
 
Yes5           
(autosomal) 
Fruit flies 
Drosophila pseudoobscure / D. persimilis 
 
Pheromones/ 
song 
 
Unknown 
 
Yes6 
(autosomal/sex 
linked) 
Gouldian finches  
Red / black morphs 
 
Male plumage 
colouration 
 
Unknown            
(but linked to loci 
causing reduced 
hybrid fitness) 
 
Yes7                       
(sex linkage) 
European flycatches Male plumage 
colouration 
Unknown             
(but linked to loci 
causing reduced 
hybrid fitness) 
Yes8                       
(sex linkage) 
Cichlids 
Pundamilia pundamilia / P. nyererei  
 
Male nuptial  
colouration 
 
Yes        
(preference under 
selection) 
 
No9 
 
 
References: 1.GRULA and TAYLOR 1980; 2. KRONFORST et al. 2006a, CHAMBERLAIN et al. 2009, Chapter 4; 3. 
FU et al. 2005, LÖFSTEDT et al. 1989; 4. ALLISON et al. 2008; 5SHAW and LESNICK 2009; WILEY and SHAW 
2010;  6.Noor et al. , 2001; 7PRYKE 2010; 8. SAETHER et al. 2007; 9. SLUIJS et al. 2010. 
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!It will be interesting to see whether these islands and QTL for mate preferences 
correspond. This process might be further assisted by genomic rearrangements (BUTLIN 
2005; FEDER and NOSIL 2009). Finally, accumulation of loci on sex chromosomes may 
be important due to the associated reduced rates of recombination in some taxa. For 
example Z-linked genes that influence differences in plumage colouration and the 
corresponding female preference between collared and pied flycatchers (SÆTHER et al. 
2007; SÆTRE et al. 2003; SÆTRE and SÆTHER 2010). Although theory also predicts the 
build-up of speciation genes on the sex chromosomes for reasons unrelated to persistent 
gene flow (reviewed in QVARNSTRÖN and BAILEY 2009), once these physical 
associations have evolved they should protect against recombination due to occasional 
hybridization.  
 
Mutual mate choice and matching 
Magic traits may evolve when mate choice occurs in both partners and the same 
phenotypic trait under divergent selection is used for mate choice in both sexes. When 
this occurs individuals of similar reproductive value are likely to become ‘matched’, 
which potentially can lead to assortative mating between incipient species (PUEBLA et 
al. 2011). Such a situation will depend on the degree to which sexual conflict is 
resolved (PARKER and PARTRIDGE 1998). In seahorses, for example, individuals mate 
assortatively by body size, and this is thought to result from the phenomenon of male 
pregnancy (JONES et al. 2003). Because levels of investment correlate, both sexes are 
expected to place a high premium on finding a partner with similar reproductive 
capacity, and this relates to size in both sexes. Using a quantitative genetic model and 
phylogenetic analysis, Jones et al. (2003) reveal potential for natural selection on body 
size, and size matching between ‘compatible’ individuals, to drive speciation, in this 
system. In another example, Hamlet fish are simultaneous hermaphrodites alternating 
sex roles during spawning and so mate choice is mutual. These fish have a number of 
different colour morphs that are thought to have diverged through selection for 
aggressive mimicry – by mimicking non-predatory fish Hamlets are effectively the 
‘wolf in sheep’s clothing’. Matching by colour pattern may have allowed the evolution 
of assortative mating between incipient species and may ultimately be responsible for 
the magic trait observed today (PUEBLA et al. 2011; PUEBLA et al. 2007). 
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!Mate choice as an automatic product of shifts in the mating cue 
The disassociation of cue and preference may be avoided if divergent selection 
automatically leads to a shift in the entire MRS. Although typically thought of as traits 
that affect temporal or spatial patterns of mating (e.g. host use in insects that mate on 
their host, BUSH 1969; diapause emergence,  DAMBROSKI and FEDER 2007), this would 
constitute an ‘automatic’ magic trait (sensu SERVEDIO et al. 2011). In contrast to 
‘classic’ magic traits, selection effectively influences both male and female mating traits 
in tandem, and therefore causes non-random mating. Scenarios like this are considered 
the most likely to lead to sympatric speciation, arguably because in terms of gene flow 
they are identical to isolation due to allopatry (KIRKPATRICK and RAVIGNÉ 2002; RICE 
and HOSTERT 1993).  
 
Genetic coupling 
Divergence in a mating trait, regardless of whether driven by selection, may 
automatically lead to behavioural isolation if the same causative mutation(s) that 
underlie variation in the mating cue also underlie variation in the corresponding 
preference. This is called genetic coupling (ALEXANDER 1962; BUTLIN and RITCHIE 
1989; Chapter 5). Although evidence for genetic coupling in nature has been considered 
weak at best (BUTLIN and RITCHIE 1989; COYNE and ORR 2004), recent empirical 
results have revived interest in the idea (FUKAMACHI et al. 2009; KRONFORST et al. 
2006c; MARCILLAC et al. 2005; SHAW and LESNICK 2009; WILEY and SHAW 2010). In 
Hawaiian crickets, for example, QTL underlying interspecific variation in song have 
been shown to predict female preference for song (SHAW and LESNICK 2009). 
Furthermore, by measuring song produced by sons and the preference of daughters, 
Wiley and Shaw (2010) demonstrate a remarkably tight association between these traits 
across second-generation families. Many rhythmic behaviours in animals, including 
cricket song and song recognition, are under the control of circuits of neurons known as 
‘central pattern regulators’ providing an obvious functional explanation of how 
variation in both signal and response might be under common genetic control. Although 
genetic coupling would arguably explain these associations and provide a functional 
explanation for the extremely rapid speciation observed in this group, the genetic 
coupling hypothesis is not yet well supported (MENDELSON and SHAW 2005; WILEY and 
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!SHAW 2010). The resolution of QTL studies published to date is low, presenting ample 
opportunity for a number of genes to be incorporated within a single QTL. Despite this, 
two studies do suggest that single mutations can simultaneously influence signal and 
response during sexual communication. First, a single mutation in the desat1 gene of D. 
melanogaster simultaneously affects the emission and perception of pheromonal signals 
(MARCILLAC et al. 2005). Second, using mutant strains and transgenic manipulation 
Fukamachi et al. (2009) have shown in medaka fish that males with mutation in the Sla 
gene prefer females with that same mutation. Nevertheless, both these studies concern 
intraspecific variation and mutations that are unlikely to exist in nature. Indeed, 
Fukamachi et al. (2009) concede that medaka males do not discriminate against 
heterospecific females, despite strong post-mating isolation between species. Thus, 
whether or not genetic coupling is important during the divergence of the MRS remains 
an open question.  
 A form of genetic coupling might be more likely if it is mediated through 
behaviour. One scenario concerns self-referential phenotype matching, which would be 
especially favourable to coordinated divergence in the MRS. Experiments with the 
Brown-headed cowbird have shown that chicks reared in visual isolation and dyed black 
(hiding the wild type grey phenotype) later preferentially associate with adults coloured 
like themselves (HAUBER et al. 2000; c.f. Chapter 4). However, self-referential 
phenotype matching more often probably involves some learning from other individuals 
(see below; HAUBER and SHERMAN 2001). 
 
Learning and non-genetic mechanisms of mate choice 
I have until now largely assumed that preference is under genetic control. However, 
non-genetic variation in mating traits may also play a role in behavioural isolation, 
normally through learning (reviewed in IRWIN and PRICE 1999; SERVEDIO et al. 2009). 
Birds provide a number of examples of preference learning through chicks imprinting 
onto the song of their parents, and this is often considered the rule (but see for example 
PRYKE 2010; TEN CATE and VOS 1999). There are many examples where imprinting 
seems to affect species-specific mate preferences in birds (reviewed in PRICE 1998), and 
manipulative cross-fostering experiments have been shown to break down these 
preferences (SLAGSVOLD et al. 2002). Sexual imprinting is not limited to birds however, 
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!and examples are known from other taxa (e.g. KENDRICK et al. 1998; VERZIJDEN et al. 
2008; VERZIJDEN and TEN CATE 2007). Mate preferences may also be influenced by 
past experience acquired when individuals are sexually mature (e.g. QVARNSTRÖM et al. 
2004; SVENSSON et al. 2010). 
If preferences are learnt, and based on traits under divergent selection, this again 
can lead to automatic coupling of a divergent trait to its corresponding preference. 
Parental imprinting is especially conducive to reinforcement mechanisms because it is 
essentially a one-allele mechanism, whereby non-genetic variation will overcome the 
selection-recombination antagonism because the alleles underlying divergent traits in 
daughter populations are one and the same (SERVEDIO et al. 2009).  However, I argue 
that non-genetic and one-allele mechanisms are distinct.  Whereas under a one-allele 
mechanism alleles are fixed during speciation, under a non-genetic mechanism the 
necessary genes are present before the onset of divergence (though this distinction is not 
always made, e.g.  MAAN and SEEHAUSEN 2011). In other words, the necessary genetic 
variation for non-genetic mating traits, such as learnt mate preferences, is often 
ancestral. For example, in the parasitic Vidua finch example introduced earlier, females 
also imprint on the song of their foster parents automatically leading to host-race 
specific mating; however, imprinting is ancestral in this group so there was no need for 
it to evolve de novo (SORENSON et al. 2003). Though this difference may difficult to test 
empirically, it may be important in understanding how speciation proceeds. In 
particular, new alleles will only spread if the subsequent benefits outweigh any potential 
costs. Finally, when considering a role for learning in the evolution of divergent mate 
preferences it is important to note that imprinting may also inhibit speciation (SERVEDIO 
et al. 2009). First, prior experience may cause individuals to avoid inter-specific 
pairings, removing the selective force driving reinforcement-like mechanisms. Second, 
there is the potential for misimprinting. Indeed, in one example, rare cases of 
hybridisation in Darwin’s finches may be associated with such mistakes (GRANT and 
GRANT 2007). Nevertheless, learning probably plays an extremely important, though 
not universal, role in the evolution of divergent mate preferences. 
 
Conclusions 
In 1981 Felsenstein concluded that recombination was a major obstacle to sympatric 
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!speciation. Since then a variety of mechanisms have been uncovered by empirical 
biologists that provide a diversity of solutions to the problem of maintaining linkage 
disequilibrium between genes involved in speciation.  These include magic traits, 
learning, genetic coupling and genetic linkage.  Furthermore, I have argued that in some 
cases these apparently unusual genetic architectures might arise rather readily as an 
outcome of natural selection.  Most notably, selection might favour the use of locally 
adapted traits as sexual signals to maximise the fitness of offspring. In summary, 
speciation in the face of gene flow seems far more plausible now that it did in 1981, but 
likely depends on the particular genetic and ecological characteristics of local 
adaptation and mate selection in different taxa.  The propensity towards those genetic 
architectures that promote speciation in particular groups may prove to explain much of 
the variation in speciation rates between taxa.  
 
PART II: MIMICRY AS A CASE OF ADAPTIVE SPECIATION 
‘‘‘Natural Selection’ explains almost everything in Nature’’, Wallace wrote to Darwin, 
just a year after the publication of the Origin, ‘‘but there is one class of phenomena I 
cannot bring under it — the repetition of the forms and colours of animals in distinct 
groups, but the two always occurring in the same country and generally on the very 
same spot’’(WALLACE 1860). Despite Wallace’s concerns mimicry soon became, and 
remains, one of the most intriguing and powerful examples of natural selection. As early 
as 1862, Henry Walter Bates (1862) suggested that perfectly tasty individuals might 
gain an advantage by mimicking unpalatable or dangerous species, effectively 
parasitizing the warning signal of the model. A few years later, Johannes Friedrich 
(‘Fritz’) Müller, a German emigrant to Brazil, proposed an alternative but related 
hypothesis, whereby unpalatable species benefit by converging on the same warning 
pattern, thereby more efficiently advertising their distastefulness to potential predators 
(MÜLLER 1879; Figure 1.1). Müller’s description of mutualistic mimicry included what 
was perhaps the first mathematical model in evolutionary biology (SHERRAT 2008).  
 Bates and Müller were both heavily influenced by their travels in South America. 
In particular, widespread mimicry between unpalatable tropical butterflies struck a 
chord. Mimicry in tropical butterflies is often championed as an easily understood 
example of adaptation; however, the principal message of Bates’ (1862) original paper  
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FIGURE 1.1 – Examples of Müllerian mimicry. In each case, populations of distantly 
related species converge on the same brightly colored warning pattern within a single 
locality, but show geographically concordant diversity across their range. (A) Millipedes of 
the Apheloria clade (top row) and their mimics in the Brachoria clade (bottom row). (B) 
Heliconius erato (top row) and its mimic Heliconius melpomene (bottom row). (C) 
Ranitomeya imitator (left in both panels) and its mimics R. surmmersi (left panel) and R. 
ventrimaculata (right panel). Photo credits: (A) Paul Marek; (B) Bernard D’Abrera; (C) 
Jason Brown. Figure taken from MERRILL and JIGGINS 2009. 
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!concerning mimicry in  ithomiine, heliconiine, and dismorphiine butterflies was that the 
observed variation between mimetic forms might represent the continuum of divergence 
underlying the process by which new species evolved (see MALLET 2009; MALLET et al. 
1998b). Indeed, in his review, Darwin (1863) stated that ‘whilst reading and reflecting 
on the various facts given in [Bates’] memoir, we feel to be as near witnesses, as we can 
ever hope to be, of the creation of new species on this earth’. Bates argued that colour-
pattern mimicry was an adaptation against predation, but also noted the parallel 
geographical variation in these patterns; it seemed likely that shifts in mimicry driven 
by natural selection could eventually lead to new species. As such, mimicry in tropical 
butterflies is one of the earliest cited examples of adaptive speciation (sensu WEISSING 
et al. 2011). 
 
The Heliconius: Neotropical Nymphalid butterflies 
Ranging from the southern United States to Central and northern South America, 
Heliconius are some of the most abundant and conspicuous butterflies in the 
Neotropics. It is surprising then that Darwin never seems to have mentioned them in his 
writing (J. Mallet, personal communication). Currently there are considered to be 43 
distinct Heliconius species, divided between two major clades (BELTRAN et al. 2007); 
the true diversity of these butterflies, however, is reflected in the over 300 named 
geographical races (Lamas and Willmott 2007, Darwin database of Andean butterflies, 
available at http://www.ucl.ac.uk/taxome). These geographical races meet in contact 
zones, where to differing degrees they hybridise. The integrity of geographical races is 
maintained by frequency dependent selection, imposed by increased predation of rare 
colour pattern morphs, and in many examples the hybrid zones are extremely narrow 
(MALLET and BARTON 1989). Colour pattern elements are often in Hardy-Weinberg 
equilibrium in contact zones, (JIGGINS et al. 2004b; MALLET 1986; MALLET 1993; 
TURNER 1971), but a handful of bimodal hybrid zones are known (ARIAS et al. 2008; 
JIGGINS et al. 2001a; MCMILLAN et al. 1997b). 
 Many, but not all Heliconius, are Müllerian mimics. Hybrid zones between 
geographic colour pattern races often occur in parallel between distantly related species. 
The most celebrated example is between Heliconius melpomene and H. erato: In a 
single geographical location these two species converge on the same bright colour 
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!pattern, but across the Neotropics this shared signal shifts, leading to a diverse array of 
observed phenotypes (e.g. Figure 1.1B; Figure 1.2A). As with most mimetic pairs in 
this group, H. melpomene and H. erato respectively belong to each of the two major 
Heliconius clades (but see GIRALDO et al. 2008). Colour pattern is also known to act as 
a mating cue in Heliconius (JIGGINS et al. 2004a; JIGGINS et al. 2001a; KRONFORST et 
al. 2006b; MAVÁREZ et al. 2006; MUÑOZ et al. 2010). However, members of the erato 
clade are known to pupal mate (DEINERT et al. 1994) and mimicry between members of 
the pupal and non-pupal mating clades may help to resolve a potential conflict between 
natural and sexual selection (ESTRADA and JIGGINS 2008). However, pupal mating is 
probably a labile strategy, and how pervasive it is in the wild remains unknown.  
 The bright colour patterns of Heliconius warn potential predators of cyanotoxins 
both synthesised de novo, and sequestered from passion vines, which are the larval host 
(ENGLER-CHAOUAT and GILBERT 2007). Very few other groups have cracked the 
Passiflora chemical defense – the others include a few flea-beatles (Chrysomelidae), a 
family of moths (Josia: Dioptinae), a few other butterflies in the family Riodinidae and 
some coreid bugs, all of which tend not to be very abundant. As such, the ability to 
exploit passion vines seems to have presented great ecological opportunity (TURNER 
1981). Asides from high levels of alkaloids and cyanotoxins many species of Passiflora 
have extra floral nectaries, attracting ants that will predate butterfly eggs and larvae. It 
seems likely that this protection by ants has led to the rapid development times 
displayed by Heliconius larvae (TURNER 1981). A further adaptation observed in the 
Passiflora is the phenomenon of egg mimicry in the form of small yellow spots or 
modified stipules (e.g. GILBERT 1971). Many Heliconius larvae are cannibalistic and so 
females are often reluctant to lay their eggs on a plant that already appears to have been 
occupied. In contrast, some Heliconius are highly gregarious: For example, clutch sizes 
of up to 200 H. hewitsoni eggs have been recorded on a single plant (REED 2003); 
another observer recorded a total 1204 H. doris pupae and larvae at the base of a P. 
ambigua vine in Costa Rica (MALLET 1984). Gregarious species tend to be those that 
exploit large canopy vines, which are often found in closed canopy forest where 
individual Passiflora are less abundant.  
 Another peculiar adaption of the Heliconius is pollen feeding. Unlike other 
butterflies visiting the same flowers, Heliconius accumulate large pollen loads on their 
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!proboscis. This provides a source of amino acids and may account for the longevity of 
Heliconius (sometimes up to six months). Females lay eggs through out their lives and 
pollen collection may further facilitate this, as experiments with radio-labeled isotopes 
showed that nutrients are transferred from pollen to eggs (GILBERT 1972). Furthermore, 
without access to pollen, males are unlikely to mate, females are unlikely to lay and 
lifespan is generally reduced (personal observation). Pollen feeding behaviours are 
unknown in other butterflies, including related genera, but are observed in all 
Heliconius (BELTRAN et al. 2007). As such pollen feeding appears to be a unique, but 
key, adaptation that may have had a considerable influence on the evolution of this 
group. 
 
Speciation in the cydno-melpomene clade 
Much of the more recent work on speciation in Heliconius has involved the cydno- 
melpomene clade (but see JIGGINS et al. 1997; MALLET et al. 1998a; MCMILLAN et al. 
1997a). Together H. cydno and H. melpomene are often described as ‘sister species’ 
(including in this thesis); however, this is not strictly true, or at least a matter of 
taxonomic taste. H. cydno is maybe better thought of a ‘super-species’, which includes 
H. cydno (sensu stricto) as well as other divergent taxa including H. pachinus, H. 
heurippa, H. tristero and H. timareta (MALLET 2009). Nevertheless, there are as yet no 
known differences between these taxa asides from mimetic colour pattern and 
associated mate preferences (KRONFORST et al. 2006a; MAVÁRAZ et al. 2006). In 
contrast, differences in ecology as well as female hybrid sterility are observed between 
H. melpomene and members of the cydno super-species (ESTRADA and JIGGINS 2002; 
GIRALDO et al. 2008; NAISBIT et al. 2002; SALAZAR et al. 2005). This may account for 
the fact that although these cydno-clade taxa co-occur with H. melpomene, they do not 
themselves overlap in range. As such, the existence of endemic taxa within the cydno-
clade might better represent steps along the continuum of divergence underlying 
speciation. More problematic to our understanding of the speciation process is the 
potential paraphyly of H. melpomene races (BELTRAN et al. 2007; QUEK et al. 2010). 
Interestingly, populations from the two putative ‘melpomene’ clades do differ in 
ecology and are not necessarily inter-fertile (JIGGINS et al. 2001b; NAISBIT 2001). 
Making inferences about the exact relationships between recently diverged Heliconius 
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!will always be problematic, however, considering the high levels of ongoing gene flow 
between taxa (BULL et al. 2006; KRONFORST et al. 2006b). Perhaps it is better, and 
more realistic, not to attempt to push cydno and melpomene into a traditional bifurcating 
phylogeny, but to consider the clade a complex of divergent but interwoven lineages. 
 Bearing this in mind, selection for mimicry has undoubtedly played an important 
part in the divergence observed in the cydno-melpomene clade. Across its range H. 
melpomene everywhere mimics the local race of H. erato (Figure 1.2A). On the other 
hand, members of the cydno super-species normally mimic H. sapho or H. eluchia 
(Figure 1.2B); and in some polymorphic populations it mimics both (KAPAN 2001). 
Because melpomene and cydno are clearly more closely related than erato and 
sapho/eluchia it seems likely that the former diverged more recently and, although 
Müllerian mimics, the latter represent the ‘model’ (JIGGINS et al. 2001a; MALLET 2009). 
Positive frequency dependent selection for mimicry will lead to disruptive selection 
between mimetic forms (Chapter 2). This has two important implications for speciation. 
First, because males use colour pattern as a mate recognition cue (and it is therefore a 
‘classic magic trait’), mating preferences may co-evolve thereby leading to assortative 
mating (JIGGINS et al. 2004a; JIGGINS et al. 2001a; KRONFORST et al. 2006b; MAVÁREZ 
et al. 2006; MUÑOZ et al. 2010). This may also augment the effects of disruptive natural 
selection because, at least between H. melpomene and H. cydno (sensu stricto), hybrids 
are discriminated against by potential mates (NAISBIT et al. 2001). Second, this 
disruptive selection provides the raw material for reinforcement-like mechanisms to 
strengthen pre-zygotic barriers (SERVEDIO and NOOR 2003), and reproductive character 
displacement has been observed in Heliconius (JIGGINS et al. 2001a; KRONFORST et al. 
2007b). When H. melpomene and H. cydno (sensu lato) co-occur they (and their co-
mimics) tend to partition the available habitats: H. melpomene uses more open habitats, 
whereas H. cydno is found in closed canopy and often higher altitude forests (ESTRADA 
and JIGGINS 2002). Although the reverse is possible, it seems likely that the mimicry 
switch took place in response to this shift in habitat use (MALLET 2009). Whatever the 
order of events, the relationship between mimicry and habitat use implies that colour 
pattern is additionally a ‘magic trait’ in a more general sense (SERVEDIO et al. 2011): 
Divergent colour patterns allow individuals to survive in divergent habitats where they 
are likely to mate with similarly adapted individuals. 
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FIGURE 1.2 – Distribution of color pattern races of Heliconius melpomene (A) and 
members of the H. cydno ‘super-species’ (B). Note that not all named forms are shown. 
 
 
                      A 
 
                      B 
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FIGURE 1.3 – Closely related Heliconius co-mimics. (A) Heliconius melpomene malleti 
from Florencia, Columbia and (B) its co-mimetic Heliconius timareta florencia. Image 
taken from Girauldo et al., 2008.  
 
 
 
Despite all this, divergence in the cydno-melpomene clade now seems not always to be 
driven by selection for mimicry. Although hybridisation between H. cydno and H. 
melpomene is rare it does happen (<0.1% of collected specimens are colour pattern 
hybrids, MALLET 2009). A few years ago it was shown that the colour pattern of the 
non-mimetic Columbian species H. huerippa can be easily achieved by crossing local 
races of H. melpomene and H. cydno (sensu stricto), suggesting that this might be a 
hybrid species (MAVÁRAZ et al. 2006). More recent genetic evidence supports the 
hypothesis that the red forewing band observed in H. heurippa did indeed originate, via 
a hybridisation event, from H. melpomene (SALAZAR et al. 2010). Most remarkably, 
‘reconstructed H. huerippa’ display mate preferences for the ‘hybrid’ huerippa colour 
pattern suggesting that hybridisation may have automatically resulted in assortative 
mating for the novel pattern (MELO et al. 2008). Although research into other members 
of the cydno super species is fairly embryonic, it seems possible that these may also 
have arisen via introgression of melpomene colour pattern elements into the H. cydno 
genome (but see KRONFORST et al. 2007a). Alongside forms with ‘hybrid’ colour 
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!patterns, there are a handful of cryptic species that have recently been discovered. The 
best described of these has been designated H. timereta florencia: Genetic evidence 
suggests that florencia falls within the cydno super-species, but it shares a colour pattern 
with the local H. melpomene malleti (Figure 1.3; GIRALDO et al. 2008). Despite this 
there is strong assortative mating between the two closely related co-mimics (GIRALDO 
et al. 2008). Genetic evidence again supports the introgression of melpomene colour 
pattern genes (C. Pardo-Diaz, personal communication). The discovery of ‘hybrid’ and 
‘cryptic’ taxa within the cydno-melpomene clade complicates the once apparently 
simple story of speciation driven by disruptive selection for mimicry.  
 
In this thesis I attempt to address how selection and genetic architecture, discussed in 
Part 1 of this chapter, interact to influence divergence in Heliconius butterflies. Most of 
the work presented in the following chapters concentrates on H. cydno chioneus and H. 
melpomene rosina, both of which are sympatric in my main study site in the lowland 
tropical forest of central Panama. As is becoming clear the relationships between 
individual taxa within the cydno-melpomene clade are complex and convoluted. 
Nevertheless, it seems likely that this may be the case for the majority of emerging 
species. The number of models of speciation in the theoretic literature is vast, each 
relevant to a different biological idiosyncrasy (KIRKPATRICK and RAVIGNÉ 2002); 
speciation in the real world is unlikely to be less messy. Furthermore, I largely 
concentrate on what might be termed the ‘classic’ view of speciation driven by selection 
for mimicry (MALLET 2009). Despite all the evidence for the important effects of 
hybridisation in this group, mimicry has undoubtedly played an important role. It is now 
clear that speciation normally involves divergent natural selection (SCHLUTER 2009; 
SOBEL et al. 2009), and mimicry remains one of the most tractable examples. In 
addition the (relative) ease with which Heliconius can be bred and manipulated in 
captivity uniquely places them as a model to study the genetics of speciation. 
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Divergent ecological selection on a mating cue 
 2 
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 Traits subject to disruptive selection that also contribute to non-random 
mating will facilitate speciation with gene flow. Such ‘magic traits’ may be 
widespread and important for generating biodiversity, but have been difficult 
to find evidence for. Heliconius butterflies are famous for Müllerian mimicry, 
where pairs of unpalatable species converge on the same warning-pattern to 
more efficiently advertise their distastefulness to predators. However, closely 
related species often look very different and males use these divergent colour 
patterns to recognize potential mates. By conducting field experiments with 
artificial butterflies, in addition to enclosure trials with live birds and real 
butterflies, I demonstrate that hybrid colour pattern phenotypes are attacked 
more frequently. To my knowledge, this is the first example where disruptive 
selection and mate choice have been explicitly demonstrated to act on the 
same trait. 
 
 
INTRODUCTION 
It is widely accepted that adaptation to different ecological niches can result in the 
evolution of new species (RUNDLE and NOSIL 2005; SCHLUTER 2009). Generally this 
involves disruptive selection, which can impose a barrier to gene flow and permit the 
build-up of further differences (MCBRIDE and SINGER 2010). This process might be 
especially effective if traits under disruptive selection also contribute to non-random 
mating (GAVRILETS 2004). These so-called ‘magic traits’ are typically thought of as 
mating cues (such as colour or body size), which are also under divergent ecological 
selection (SERVEDIO et al. 2011). Although such traits are often invoked in theoretical 
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!and empirical studies of speciation, direct experimental evidence of mating cues under 
disruptive viability selection in animals is limited (SERVEDIO et al. 2011). 
Mimicry in tropical butterflies has long been championed as a example of both 
adaptation and speciation (BATES 1862). The Neotropical genus Heliconius is famous 
for Müllerian mimicry, where pairs of unpalatable species converge on the same bright 
warning-patterns to more efficiently advertise their distastefulness to predators. Closely 
related taxa often belong to different mimicry rings and these are maintained by strong 
selection against non-mimetic patterns (KAPAN 2001; MALLET and BARTON 1989). 
Importantly, five separate studies using model butterflies have now shown that male 
Heliconius use colour pattern differences during mate selection (JIGGINS et al. 2004; 
JIGGINS et al. 2001; KRONFORST et al. 2006; MAVÁREZ et al. 2006; MUÑOZ et al. 2010). 
Thus divergence in colour pattern results in sexual isolation. Hybrids display 
intermediate warning patterns that are unlikely to be recognized as distasteful. As a 
result we expect hybrids to be attacked more often by predators, but this has never been 
explicitly demonstrated.  
In central Panama, H. melpomene is a near exact mimic of H. erato and 
normally occurs in forest-edge habitats, while its sister species, H. cydno, mimics H. 
sapho and is more common in closed-forest habitats (ESTRADA and JIGGINS 2002) 
(Figure 2.2A). Despite these differences in habitat preference the two species are often 
seen flying together and hybrid individuals have been collected, albeit at very low 
frequencies (estimated at a frequency of just 0.001)(JIGGINS 2008). Nevertheless, 
hybrids from crosses in one direction (H. cydno mother and H. melpomene father) can 
be produced with relative ease in the insectary. Here, I take advantage of this fact to test 
for selection against colour patterns found in hybrids between these sympatric sister-
species. By using artificial butterflies, designed with respect to predatory bird vision 
(CUTHILL et al. 2005), in addition to enclosure trials with live butterflies, I demonstrate 
selection against non-mimetic hybrid phenotypes.  
 
MATERIALS AND METHODS 
Experiments with artificial butterflies 
Models were produced from photographs of dissected wings from 12 individuals each 
of H. cydno, H. melpomene, and their F1 hybrids. Bird colour and luminance 
30
!(‘lightness’) vision differs from human vision in a number of ways (CUTHILL 2006), and 
print outs from uncalibrated printers often do not closely match real object colours, 
especially to non-human vision. Therefore, it is necessary to calibrate the appearance of 
the artificial prey to match the real butterfly colours to a bird’s vision when printed 
(CUTHILL et al. 2005). Photographs of dissected wings from H. cydno, H. melpomene, 
and their F1 hybrids were taken with a Fujifilm IS Pro UV-sensitive digital camera with 
a quartz CoastalOpt ultraviolet (UV) lens (Coastal Optical systems). To calibrate the 
appearance of the artificial prey to match the real butterfly colours, reflectance spectra 
of the various colour patches of the wings of each of the butterfly forms were taken. 
This was done using an Ocean Optics USB4000 spectrometer (Dunedin, FL) with 
illumination by a PX-2 pulsed Xenon lamp, with a narrow-ended (1/8˝) probe held at a 
constant distance and a 45-degree angle to the butterfly wings. Following this, the 
predicted photon catch values of a bird’s four single cones (used in colour vision) and 
double cones (used in luminance vision) were calculated (ENDLER and MEIKE 2005), 
based on the sensitivity of a blue tit’s Cyanistes caeruleus receptors (HART et al. 2000), 
and using irradiance spectra from deciduous woodland. Although there will be some 
error associated with not knowing the exact spectral sensitivity of the bird species found 
in my study site or having the corresponding habitat irradiance spectra, current 
modelling indicates the level of error from this should be minor (LANGMORE 2009). To 
select appropriate colours to print, I then used an iterative process of printing different 
colours from the same printer onto the waterproof paper, and measuring the photon 
catches of these (as above). As with similar past work on camouflage (CUTHILL et al. 
2005), the criteria for selecting appropriate colours was that they produced photon catch 
values for each cone type that fell within the range of photon catch values from the 
corresponding colour patches on the real butterflies. This was generally achieved, with 
the exception that H. cydno and the hybrid had a white patch with relatively high 
ultraviolet reflectance. I was unable to find a substance to add to the models to recreate 
this without changing the other colour balances, and so my models for these two forms 
produced a lower photon catch value for the ultraviolet receptors. Once the appropriate 
colours were selected, in Photoshop CS4 I replaced the colours of the real butterfly 
wings in the images with these values. Artificial butterflies were printed on waterproof 
paper (HP LaserJet Tough Paper; Palo Alto, USA) using a Hewlett Packard LaserJet 
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!2605dn printer at 300 dpi.  
I conducted four experimental trials in Panama in September and October 2010 
using a modified version of a protocol well established for testing the survival value of 
camouflage markings with artificial prey in northern deciduous woodland (e.g. CUTHILL 
2006; CUTHILL et al. 2005): Two trials were conducted in closed-forest (H. cydno 
preferred) habitats along Pipeline Road in the Park National Soberania; and two in 
forest-edge (H. melpomene preferred) habitats along Pipeline Road and nearby Gamboa 
(ESTRADA and JIGGINS 2002). Models were pinned to leaves, in random order at least 10 
m apart, with a plasticine ‘body’ on the upper side and secured with small ball of 
plasticine on the other side of the leaf. Each experimental trial lasted five days: 180 
models were placed on the first day and 180 models were placed on the second day; 
these were then checked every 24 hours for three days after placement for evidence of 
predation (a beak mark clearly visible, or part, or all, of the ‘body’ missing). Attacked 
models were photographed and taken down. These photographs were used to ‘blind’ 
score the model for beak marks. This was achieved by ‘removing’ the wing patterns in 
photographs of attacked models using the magic wand and cut tools in Photoshop CS4 
(Figure 2.1). Models were excluded from analysis if there was any evidence of attack by 
insects.   
 
 FIGURE 2.1 – Blind scoring of artificial butterflies. (A) Artificial Heliconius melpomene x 
Heliconius cydno hybrid with beak mark on ‘head’. (B) Same artificial butterfly after wing 
‘removal’ with Photoshop CS4. 
 
 
 
Live butterfly experiments 
Experiments with live butterflies and birds were conducted by Vanessa Bull and Chris 
Jiggins between April and September 2001. Wild caught birds were presented with live 
H. cydno, H. melpomene, and F1 hybrids during two-hour enclosure trials. To ensure 
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!individual birds were responsive to the experimental conditions the widespread 
palatable butterfly Anartia fatima was also included as a control. Wild birds were 
caught for the enclosure experiments using mist-nets placed both in forest-edge (H. 
melpomene preferred) and closed-forest (H. cydno preferred) habitats around Gamboa 
and Pipe Line Road. However, of a total of 51 birds only 6 were caught in closed-forest 
habitats (bird species used in each trial are presented in Appendix 1). After capture, 
birds were transferred to experiment cages (1.5m x 2m x 2.8m), which contained a 
perch and a small tree. Experimental trials were performed early the morning after 
capture. Lighting used were 2 x T12 Paralite® full-spectrum lights (CRI = 93, Kelvin 
temperature = 5900K), over a diffusion screen to be as close to natural light as possible 
(Natural light is CRI = 100, Kelvin temperature = 5500 – 6800K, diffused light). The 
four butterflies were released simultaneously and the time of attack for each was 
recorded. Trials lasted for 2 hours or until all the butterflies had been attacked. At the 
end of the experiment, the bird was banded and released at the site of capture. I 
analyzed the data with General Linear Models: Time of attack was the response 
variable; butterfly phenotype was fitted as a fixed effect and bird ID was fitted as a 
random factor. Bird ID will incorporate variation due bird species (for which samples 
sizes were too small to incorporate as an additional factor), individual bird and trial. 
Reported P-values for post-hoc pair-wise analyses (performed by rerunning the GLM 
with pairs of treatments) are reported after critical thresholds for the tests were adjusted 
according to table-wise sequential Bonferroni correction for multiple testing (RICE 
1989).  
 
RESULTS 
In total 1440 artificial butterflies (480 H. cydno patterns, 480 H. melpomene patterns 
and 480 hybrid patterns) were placed in lowland rainforest and nearby edge habitats in 
Panama. Overall, just 4% of models were attacked, probably because many birds will 
have learned to avoid the real distasteful butterflies. Nevertheless, after 72 hours there 
were clear differences in the number of ‘predation events’ experienced by the three 
phenotypes (Figure 2.2B; G = 10.60, d.f. = 2, P < 0.01). A greater proportion of hybrid 
models were attacked than those with parental phenotypes. This was statistically 
significant both before (G = 8.32, d.f. = 1, P < 0.005) and after ‘blind scoring’ (G = 
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!8.287 , d.f. = 1, P < 0.01). Tests of homogeneity revealed no evidence that the four 
trials differed in the relative number of predation events experienced by the three 
phenotypes (for all tests P > 0.9). Indeed, although models were split equally between 
H. melpomene (forest-edge) and H. cydno (closed-forest) habitats, I observed no 
difference in the number of ‘local’ versus ‘non-local’ parental phenotypes attacked. The 
enclosure trials with live birds and butterflies revealed a significant difference in the 
time that the four butterfly phenotypes survived before attack (Figure 2.2C; F = 2.82, 
d.f. = 3, P < 0.05). Here, birds distinguished between H. melpomene and hybrids (F = 
6.86, d.f. = 1, P < 0.05), but there were no significant differences between H. cydno and 
the other butterflies.  
 
 
 FIGURE 2.2 – Disruptive selection against non-mimetic hybrid colour patterns. (A) 
Helconius melpomene, its sister species H. cydno and their F1 hybrid (top row, left to right), 
and their co-mimics H. erato and H. sapho (bottom row). (B) Total number of artificial 
butterflies attacked after 72 hours for each phenotype: Heliconius melpomene (ME); H. 
cydno (CY); and their F1 hybrids (C) Mean time (± standard error) survived before attack in 
enclosure trials with wild-caught birds for the four butterfly types: Heliconius melpomene 
(ME); H. cydno (CY); their F1 hybrids; and the palatable butterfly Anartia fatima (control). 
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!DISCUSSION 
Despite the prominent role of butterfly mimicry in shaping evolutionary discussion for 
almost 150 years, my study is the first to demonstrate extrinsic mimetic selection 
against hybrids. Hybrid phenotypes were more frequently attacked in my field 
experiment with artificial butterflies. This was supported by the enclosure trials using 
live butterflies, where hybrids were attacked more quickly. Interestingly, I found no 
evidence that birds in this second experiment differentiated between hybrid and H. 
cydno individuals. This likely reflects the fact that all but three of the 22 responsive 
experimental birds were caught in forest-edge (H. melpomene preferred) habitats, where 
H. cydno (and its co-mimic) is rare. Thus selection against parental phenotypes in the 
‘wrong’ habitat may additionally be important (and has been demonstrated elsewhere 
between Heliconius colour pattern races (MALLET and BARTON 1989)); overall, 
however, my experiments suggest that here selection against migrants between the two 
habitats is weaker than that against hybrids.  
Extrinsic postzygotic isolation, where hybrids have intermediate phenotypes that 
fare poorly in both parental habitats, is likely an important component of ecological 
speciation (GAVRILETS 2004; MCBRIDE and SINGER 2010). Not only will it form an 
early (if incomplete) barrier to gene flow, thereby allowing other traits that contribute to 
isolation to accumulate, but selection against hybrids can promote assortative mating 
through reinforcement (DOBZHANSKY 1937; SERVEDIO and NOOR 2003). Traits under 
disruptive selection that are also used as mating cues may be especially effective in 
promoting speciation because they will form strong genetic associations with loci 
underlying premating isolation, and that use these cues as markers (SERVEDIO 2009). 
These ‘magic traits’ may in fact be widespread, but are difficult to prove. In a recent 
review, Servedio et al.  (2011) describe 16 putative case studies where the existence of 
magic traits seems likely, but assert that for each of these more work is required. 
Unequivocal evidence requires that the trait itself, rather than a correlated trait, not only 
generates non-random mating but must also be shown explicitly to be subject to 
divergent selection.  
 A few studies reveal disruptive selection on other traits that influence non-
random mating (SCHLUTER 2009; SERVEDIO et al. 2011). In Darwin’s finches, for 
example, competition for food selects against intermediate beak size (HENDRY et al. 
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!2009); and beak size can affect song, which acts as a mating cue (HUBER et al. 2007; 
PODOS 2001). In sympatric stickleback morphs, traits that evolved in response to 
benthic and limnetic habitats are used as mating cues (BOUGHMAN et al. 2005; NAGEL 
and SCHUTER 1998). Nonetheless, direct evidence of disruptive selection against traits 
used as mating cues, independent of other differences between hybridizing taxa, is 
lacking. Using clay models, Noonan and Comeault (2009) demonstrate that novel 
colour patterns of the polymorphic poison arrow frog, Dendrobates tinctorius, in French 
Guiana are more likely to be attacked. However, the fate of hybrids remains unclear and 
colour pattern is only known to act as a mating cue among populations of the 
Panamanian species Oophaga pumilio (REYNOLDS and FITZPATRICK 2007). As such, 
my data provide the first experimental evidence of disruptive ecological selection acting 
on a trait that is also used during mate recognition. !!
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Mate preference across the speciation  
continuum in a clade of mimetic butterflies 3 
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 Pre-mating behavioural isolation is increasingly recognised as an important 
part of ecological speciation, where divergent natural selection causes the 
evolution of reproductive barriers. A number of studies have now 
demonstrated that traits under divergent natural selection also affect mate 
preferences. However, studies of single species pairs only capture a snapshot 
of the speciation process, making it difficult to assess the role of mate 
preferences throughout the entire process. Heliconius butterflies are well 
known for their brightly coloured mimetic warning patterns and previous 
studies have shown that these patterns are also used as mate recognition cues. 
Here I present mate preference data for four pairs of sister taxa, representing 
different stages of divergence, which together allow us to compare diverging 
mate preferences across the continuum of Heliconius speciation. Using a 
novel Bayesian approach, these results support a model of ecological 
speciation in which strong pre-mating isolation arises early, but continues to 
increase throughout the continuum from polymorphic populations through to 
‘good’, sympatric ecologically divergent species."
 
"
INTRODUCTION 
During ecological speciation reproductive isolation evolves as a consequence of 
divergent natural selection (RUNDLE and NOSIL 2005). Behavioural isolation is 
increasingly seen as important and a growing body of work has revealed traits under 
divergent ecological selection that also affect assortative mating.  For example, in 
Gambusia fishes, female mating preferences for body shape have evolved in tandem 
with divergent morphologies, resulting from different predator regimes (LANGERHANS 
et al. 2007); similarly, in Timema walking-sticks, females are more likely to mate with 
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 males from populations that use the same rather than different host-plants (NOSIL et al. 
2002). Studies such as these capture a snapshot of the speciation process, but ecological 
speciation likely proceeds through the accumulation of alleles that contribute to 
reproductive isolation and thus gradually reduce gene flow. Unlike adaption within 
populations, the evolution of reproductive isolation is normally unlikely to be observed 
within a single human life-time (COYNE and ORR 1989); however, its course might be 
inferred from observations of multiple stages of divergence – from polymorphic 
populations to “good” species, reflecting the continuum of speciation (MALLET 2008; 
PECCOUD et al. 2009).  
A number of studies now exist that review the occurrence of hybrid sterility 
and/or inviability across different stages of divergence (e.g. COYNE and ORR 1989; 
PRESGRAVES 2002; PRICE and BOUVIER 2002), but only a handful address pre-mating 
isolation (BERNER et al. 2009; COYNE and ORR 1989; COYNE and ORR 1997; 
MENDELSON 2003). Furthermore, although a consensus has emerged that assortative 
mating seems to evolve early (COYNE and ORR 2004), very few detailed studies 
document mate preference behaviours at different stages of divergence, and in particular 
include divergent populations below the species level (but see SEEHAUSEN et al. 2008). 
As a result we only have a limited understanding of the role such behaviours play 
throughout the entire speciation process.  
I study male mate preferences across four stages of divergence in a clade of 
mimetic butterflies that have long been considered a prime example of adaptive 
speciation (BATES 1862). The neotropical genus Heliconius is famous for Müllerian 
mimicry, where distantly related species converge on the same bright warning pattern to 
more efficiently advertise their distastefulness to predators. Whereas distantly related 
Heliconius often converge on the same colour pattern, sister taxa tend to belong to 
different mimicry rings and, in at least five species, males prefer to court females that 
share their own pattern over those of closely related taxa (JIGGINS et al. 2004; JIGGINS et 
al. 2001b; KRONFORST et al. 2006c; MAVÁREZ et al. 2006; MUÑOZ et al. 2010). Female 
Heliconius often mate soon after eclosion, when they cannot reject males, so that 
although females that are not mated quickly may exert a choice, male preferences make 
an important contribution to assortative mating. Because colour pattern is also under 
strong frequency-dependent selection due to predation (KAPAN 2001; MALLET and 
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 BARTON 1989; Chapter 2), shifts in colour pattern can theoretically cause both pre-
mating and post-mating isolation, thereby promoting rapid speciation.  
Mate preference based on warning colour pattern is well established in 
Heliconius. However, with one notable exception (CHAMBERLAIN et al. 2009), studies 
of mate choice among Heliconius taxa below the species level have utilised 
geographically distant populations, between which there is unlikely to be significant 
gene flow. As a result it is uncertain whether the observed preferences are maintained 
between populations in the early stages of divergence or whether they break down in the 
face of gene flow. In addition, the use of different methodologies has made it difficult to 
make comparisons between studies and ultimately between different levels of 
divergence.  Finally, whilst previous studies have provided estimates of population level 
mate preferences, the analysis methods have not taken into account inter-individual 
variation in preference (but see CHAMBERLAIN et al. 2009). These limitations make it 
difficult to test predictions regarding the divergence of mate preferences during 
speciation. In particular, here I am interested in whether preference differences 
accumulate gradually or if there is any evidence of a “step”, which may suggest 
different evolutionary mechanisms working at different stages of divergence. Second, I 
am interested in how variation in preferences at the individual level may change as 
populations diverge. To address these questions I present mate preference data collected 
using comparable methodology and analysed using a novel Bayesian approach that 
accounts for uncertainty at both the population and individual levels. I revisit previously 
published data (CHAMBERLAIN et al. 2009; KRONFORST et al. 2006a; KRONFORST et al. 
2007) in addition to novel data, which together allow me to compare diverging mate 
preferences across the continuum of Heliconius speciation. "
MATERIALS AND METHODS 
I investigated male mate preferences within a single polymorphic population as well as 
between three pairs of sister taxa in the melpomene-cydno clade of Heliconius: 
 
(A) Within population comparison – polymorphic H. cydno alithea  
Heliconius cydno alithea is polymorphic in western Ecuador, where yellow and white 
morphs co-occur. These two morphs mimic and track the local frequencies of H. 
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 eleuchia and H. sapho, respectively. Although there are areas in which one of the 
morphs, and its respective mimic, appear to be absent, the majority of sites are highly 
polymorphic. This includes the populations sampled for this study. Mark-release-
recapture experiments have demonstrated that the local fitness of the two morphs is a 
function of the abundance of their respective co-mimics (KAPAN 2001). Recently, it has 
been shown that yellow males prefer to court females of their own type, but despite this 
there is no significant genetic differentiation between the two morphs (CHAMBERLAIN et 
al. 2011).   
 
(B) Warning-colour race comparison – H. melpomene aglaope and H. m. amaryllis  
Heliconius melpomene aglaope and H. m. amaryllis share a narrow hybrid zone in 
north-eastern Peru. To the south-west of this division H. m. amaryllis shares a 
“postman” warning colour pattern with its co-mimic H. erato favorinus, whereas to the 
north-east H. m. aglaope displays the “rayed” pattern alongside H. erato emma. This is 
one of the best-studied hybrid zones in the Heliconius literature and translocation 
experiments have demonstrated strong frequency dependent selection, which maintains 
the integrity of the two colour-pattern races (MALLET and BARTON 1989). Nevertheless, 
within the hybrid zone recombinant individuals are abundant and gene flow remains at 
high levels (BAXTER et al. 2010). For my experiments, individuals were collected from 
either side of the hybrid zone: For, H. m. aglaope collection sites were at Suniplaya, 9 
km from Yurimaguas Suniplaya (S 05 57.450 W 076 09.142 138 M) and 5 km from 
Micaela Bastidas (05 57.327S 076 14.505W, elevation 170m); H. m. amaryllis 
individuals were collected from Urahuasha Trail, Tarapoto (06 28.448S  076 20.622W, 
elevation 120m). These were transported to Panama in glassine envelopes where stock 
populations were maintained. 
 
(C) Parapatric species comparison – H. cydno galanthus and H. pachinus 
Heliconius cydno galanthus and H. pachinus are recently diverged parapatric species 
restricted to opposite costal drainages in Costa Rica, where they share mimetic warning 
colour patterns with H. sapho and H. hewitsoni, respectively. In spite of evidence for 
ongoing gene flow, few hybrids have been collected suggesting that the strong mate 
preferences recorded in these taxa prevent substantial hybridisation (KRONFORST et al. 
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 2006a; KRONFORST et al. 2007).  Nevertheless, aside from differences in colour pattern, 
there are no known ecological differences between the two taxa and it has been 
suggested that H. pachinus may better represent a more divergent colour pattern race 
within the cydno clade (e.g. MALLET and BARTON 1989).  
 
(D) Sympatric species comparison – H. cydno chioneus and H. melpomene rosina  
Heliconius cydno and H. melpomene are sympatric across much of Central and northern 
South America. There has been much debate over the exact relationship between H. 
cydno and H. melpomene  (BELTRAN et al. 2007; BÉLTRAN et al. 2002; FLANAGAN et al. 
2004) and the most recent analysis places H. cydno within the H. melpomene clade 
(QUEK et al. 2010). Nevertheless, H. cydno remains the sister taxa to a clade of H. 
melpomene containing individuals collected in western Ecuador, Costa Rica and 
Panama.  Although hybrids are very rare in nature, ongoing rates of gene flow remain 
significant (BULL et al. 2006; KRONFORST et al. 2006b) and, in this sense at least, the 
speciation process is not complete. Notably, however, in addition to colour pattern, 
these species also differ in habitat and host-plant use (ESTRADA and JIGGINS 2002; 
SMILEY 1978): In Panama, H. c. chioneus is normally found in closed forest habitats 
and mimics the black and white pattern of H. sapho; H. m. rosina, on the other hand, 
occurs in secondary forest and mimics the black, red and yellow pattern of H. erato. In 
contrast to our other comparisons, inter-specific female hybrids are sterile following 
Haldane’s rule (NAISBIT et al. 2002). To quantify divergent mate preferences we 
collected H. c. chioneus and H. m. rosina from Gamboa (9 87.49N, 79 842.29W, 
elevation 60m) and the nearby Soberanía National Park, República de Panamá. 
I used mitochondria sequence data of the genes CoI, tRNA-leu, and CoII to 
estimate genetic divergence and to place each pair of taxa along the speciation 
continuum (following Mallet, 2008). Sequences from 111 individuals, representing all 
eight populations, were obtained from GenBank. I only used sequences that originated 
from the same geographical regions as the butterflies used in behavioural tests. 
Sequences were aligned, resulting in 1513 bp for analysis. Following Mallet et al. 
(2007), I calculated raw % mtDNA divergence for each pair of populations using the 
program DnaSP v5 (LIBRADO AND ROZAS, 2009). This is the average number of 
nucleotide differences between populations (as in equation A3 presented in TAJIMA, 
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 1983). This is obviously a crude measure intended to describe the relative degree of 
divergence based on molecular (rather than ecological or morphological) data available. 
These are presented alongside a summary of taxa differences in Table 3.1. 
 
Preference experiments 
Experiments for my between warning-colour race (B) and sympatric species (D) 
comparisons were conducted in the Smithsonian Tropical Research Institute insectaries 
in Gamboa, Panamá (9 87.49N, 79 842.29W, elevation 60m), where stock populations 
were also maintained. Experiments were performed between January 2008 and August 
2009. Males were introduced individually into experimental cages (1x1x2m) with a 
virgin female of each type (i.e. either an H. m aglaope/H. m. amaryllis pair or an H. c. 
chioneus/H. m. rosina pair, 0-10 days matched for age). Female pairs were reused and 
replaced when fresh individuals became available. Fifteen-minute trials were divided 
into one-minute intervals, which were scored for courtship (sustained hovering or 
chasing) directed towards each female as having occurred (1) or not occurred (0). 
Accordingly, if a male courted the same female twice within a minute interval it was 
recorded only once; if courtship continued into a second minute it was recorded twice. 
Where possible, trials were repeated for each male. Essentially the same methods were 
used to collect data for the within population (A) and parapatric species (C) 
comparisons (CHAMBERLAIN et al. 2009; KRONFORST et al. 2006a; KRONFORST et al. 
2007 for experimental details). However, there was one important difference: Rather 
than being tested individually, males were placed in a cage as a group before female 
pairs were introduced. Nonetheless, by numbering individuals, preference data were 
collected for individual males. I assume that these two experimental designs provide the 
same measure of mate preference (i.e. I assume that the presence of multiple males does 
not affect the preference of individual males). Consequently each of the four data sets 
used here comprise cumulative counts of total courtships directed towards different 
female types for each male tested. 
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 Statistical analysis 
Bayesian analysis 
All Bayesian analyses were developed and conducted by Zach Gompert. A hierarchical 
random effects Bayesian model was used to estimate individual and population (i.e., 
wing pattern phenotype, race, or species) level preference for (A) yellow H. c. alithea 
females (within-population comparison), (B) H. m. amaryllis females (warning-colour 
race comparison), (C) H. pachinus females (parapatric species comparison), and (D) H. 
m. rosina females (sympatric species comparison). It was assumed that the number of 
courtship bouts of a male directed toward yellow H. c. alithea, H. m. amaryllis, H. 
pachinus or H. m. rosina females relative to the total number of courtship bouts by that 
male followed a binomial distribution: 
 
, 
 
where nij is the total number of courtship bouts by male i of wing pattern type j, 
Xij is the number of bouts directed against yellow morph H. c. alithea, H. m. amaryllis, 
H. pachinus or H. m. rosina females, and pij is that individual’s preference for yellow 
morph H. c. alithea, H. m. amaryllis, H. pachinus or H. m. rosina females. This model 
likelihood function allows each individual to have a distinct preference parameter, thus 
allowing for variation in preference among individuals within each population. It was 
assumed that the logit-transformed preference for an individual was given by: 
 
 
where wj was used as an indicator variable that took on the value of 0 for yellow 
H. c. alithea, H. m. amaryllis, H. pachinus and H. m. rosina males and a value of 1 for 
white H. c. alithea, H. m. aglaope, H. c. galanthus and H. c. chioneus.  Finally, eij was 
an individual-level random effect. It was assumed that this parameter followed a 
Normal distribution (m = 0, t = tp), where t is precision (i.e., the reciprocal of the 
variance). The precision parameter (tp, which is the inverse of the variance) provides a 
statistical estimate of the variation in mate preference among individuals within a 
!!log!
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 population. Population-level preferences were calculated (scaled between 0 and 1) for 
each male type as 
 
 
 
(for yellow H. c. alithea, H. m. amaryllis, H. pachinus or H. m. rosina) and  
 
 
 
(for white H. c. alithea, H. m. aglaope, H. c. galanthus or H. c. chioneus). 
Uninformative normal priors were assigned to b0 and b1, Normal (m = 0, t = 10-6), and a 
uniform prior for tp, U (0.001, 50000). This specification yields the following full 
hierarchical Bayesian model: 
 
. 
 
This model was implemented in WinBugs v 14 (Lunn et al. 2000) and marginal 
posterior probability distributions were obtained for the parameters using Markov chain 
Monte Carlo (MCMC). For each pair of taxa five models were compared using 
Deviance Information Criterion (DIC): the full model described above (full), a model 
with population-level preference constrained to be equal for both wing pattern types (p1 
= p2), and models with the population-level preference of either or both wing pattern 
types set to 0.5 (i.e., no preference). When comparing models the guidelines proposed 
by Spiegelhalter et al. (2002) were followed and DDIC > 3 was treated as considerable 
support for one model relative to another model. For each model, 150,000 MCMC 
iterations (including a 5000 iteration burnin) were run with three independent chains to 
obtain samples from the posterior distribution. Post-burnin samples from each chain 
were combined for parameter estimation. Parameter and deviance history plots were 
monitored to ensure adequate mixing and convergence to stationary distributions. 
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 In addition to comparing posterior probability distribution for population 
variance parameters (i.e., the inverse of the precision parameters), inter-individual 
variation among populations was contrasted using the Brown-Forsythe Levene-type test 
for equality of variances (BROWN and FORSYTHE 1974). Specifically, it was asked 
whether variation existed in the extent to which the median of our point estimates for 
individual preferences (on the logit scale and based on the median of the posterior 
distribution) differed from the median preference for each population (based on the 
median of the individual preferences). Post-hoc pair-wise differences in inter-individual 
variation were determined using Tukey’s HSD.  
A relationship between percent mtDNA divergence and the degree of 
population-level preference was tested for. This was done by fitting linear models, 
where the response variable was the absolute deviation between each population-level 
preference and 0.5 (i.e., no preference). Each of the population level preferences that 
estimated are independent of the preference for the population it is compared to and so 
treated. The two models were contrasted using Akaike Information Criterion with a 
correction for small sample size: a model with mtDNA divergence as the sole predictor 
and a model including both mtDNA divergence and squared mtDNA divergence.!
 
Frequentist analysis 
For comparison, and following previous studies of Heliconius mate preferences 
(JIGGINS et al. 2001b; KRONFORST et al. 2006c; Chapter 4), I also estimated 
probabilities of male courtship for each of our populations using likelihood (EDWARDS 
1972). Using the data collected in male preference experiments, I estimated relative 
probabilities of male courtship directed towards females of type a rather than females of 
type b. The likelihood function was  
 
ln(L) = ∑ [mi ln(P1j) + ci ln(1-P1j)] 
 
 where mi = the total number of courtship events by male i directed towards 
females of type a, ci = the total number of events by male i directed towards females of 
type b, P1j = probability of males of genotype j performing behaviours directed towards 
females of type a. Probabilities of male courtship were estimated by numerically 
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 searching for values of P1j that maximised ln(L), using the solver option in EXCEL 
(Microsoft). Support limits, asymptotically equivalent to 95% confidence intervals, 
were obtained by searching for values that decreased ln(L) by two units.  
To compare individuals that differed at colour pattern and molecular marker loci 
we first produced a model where relative probabilities for different genotypes were set 
equal (P1a = P1b). This was then compared to a second model in which relative 
probabilities for each genotype were estimated separately (P1a ≠ P1b) using a likelihood 
ratio test (LRT) with G = 2∆ln(L), which asymptotically follows a χ2 distribution with 
one degree of freedom. The results of these analyses do not qualitatively differ from the 
population level preferences obtained with our Bayesian approach, but are presented in 
Table 3.2.  
 
 
 
 TABLE 3.2 – Results from likelihood analyses of mate preference. Courtship is the 
relative probabilitys of male courtship directed towards females of type a rather than 
females of type b, where the taxa in bold in each comparison is taxa a. Support limits are 
asymptotically equivalent to 95% confidence intervals and were obtained by searching for 
values that decreased ln(L) by two units. ** P<0.005; * P<0.05. 
 
    
Comparison Taxa Courtship  Difference          G 
    
(A) Within population: H. cydno alithea (white morph) 0.47 (+0.03, -0.03) 0.14                 34.9** 
 H. cydno alithea (yellow morph) 0.61 (+0.03, -0.03)  
(B) Warning-colour race H. melpomene aglaope 0.51 (+0.13, -0.13) 0.18                    3.9* 
 H. melpomene amarylis 0.69 (+0.12, -0.14)  
(C) Parapatric species H. cydno galanthus 0.20 (+0.03, -0.03) 0.68               581.9** 
 H. pachinus 0.88 (+0.03, -0.03)  
(D) Sympatric species H. cydno chioneus 0.15 (+0.06, - 0.05) 0.75               312.4** 
 H. melpomene rosina 0.90 (+0.03, - 0.04)  
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FIGURE 3.1 – Population level mate preferences. (A) Within population comparison 
between yellow and white morphs of Heliconius cydno alithea, (B) warning-colour race 
comparison between Heliconius melpomene aglaope and Heliconius melpomene 
amaryllis, (C) parapatric species comparison between Heliconius cydno galanthus and 
Heliconius pachinus and (D) sympatric species comparison between Heliconius cydno 
chioneus and H. melpomene rosina. In each case 1 would indicate a complete preference 
for the red or yellow female type of the pair and 0 would indicate a complete preference for 
the white or rayed female type of the pair. Error bars represent 95% ETPI for estimates of 
preference for each population. The dashed line represents a population preference of 0.5 
(i.e. no preference). 
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 RESULTS 
(A) Within population comparison – polymorphic H. cydno alithea  
A total of 751 courtship events directed towards white H. c. alithea females and 893 
courtship events directed towards yellow H. c. alithea females by 63 white and 62 
yellow males were recorded. Both the full model and the model with white males 
displaying no preference explained the data well (Table 1A). These models had 
considerably more support than the alternative models examined. Under the full model 
white males had a group-level preference for yellow females of 0.464 (95% equal tail 
probability interval (ETPI) 0.419—0.511), whereas yellow males had a group-level 
preference for yellow females of 0.631 (95% ETPI 0.584—0.677)(Figure 3.1A). The 
estimates of inter-individual variance (the inverse of precision on the logit scale) were 
0.1350 (95% ETPI 0.0001—0.3997) and 0.1760 (95% ETPI 0.0037—0.4483) for white 
and yellow H. c. alithea females respectively. Individual level preference for yellow 
females ranged from 0.346 to 0.621 in white males and from 0.512 to 0.728 in yellow 
males (Figure 3.2A). 
 
(B) Warning-colour race comparison – H. melpomene aglaope and H. m. amaryllis  
I recorded a total of 64 courtship events directed towards H. m. amaryllis females and 
44 courtship events directed towards H. m. aglaope females by 13 AM and 10 AG 
males. The two best models for the data from this experiment (i.e. the models with the 
lowest DIC) were the full model and the model with H. m. aglaope males constrained to 
a preference of 0.5 (i.e., no preference; Table 3.1B). Alternative models had 
considerably less support than these models. Under the full model H. m. amaryllis 
males had a race-level preference of 0.699 (95% ETPI 0.556—0.831), whereas H. m. 
aglaope males had a race-level preference of 0.500 (95% ETPI 0.340—0.641; Figure 
3.1B). The model with H. m. aglaope male preference constrained gave nearly identical 
results (not shown). There was minimal variation in preference among individuals 
within each wing pattern race (Figure 3.2B), which was consistent with our low 
estimates of inter-individual variance for preference (H. m. amaryllis: 0.0112, 95% 
ETPI 0.00003—4.893; H. m. aglaope: 0.0034, 95% ETPI 0.00003—1.767). 
 
(C) Parapatric species comparison – H. cydno galanthus and H. pachinus  
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 A total of 545 courtship events directed towards H. pachinus females and 676 courtship 
events directed toward H. c. galanthus females were recorded by 35 H. pachinus and 59 
H. c. galanthus males. The best model for these data was the full model with different 
and unconstrained preferences for H. pachinus and H. c. galanthus males (Table 3.1C). 
The full model had considerably more support than all other models (DDIC > 3; 
SPIEGELHALTER et al. 2002). Species-level preference for H. pachinus males under the 
full model was 0.884 (95% ETPI 0.853—0.914), whereas H. c. galanthus males had a 
species-level preference of 0.199 (95% ETPI 0.171—0.229; Figure 3.1C). Little 
variation in preference was detected among individuals within each species (Figure 
3.2C), which again was consistent with our estimates of inter-individual variance for 
preference (H. c. galanthus: 0.0127, 95% ETPI 0.00003—0.1990; H. m. aglaope: 
0.0017, 95% ETPI 0.00003—0.2295). 
 
(D) Sympatric species comparison – H.  cydno chioneus and H. melpomene rosina  
I recorded 264 courtship events directed towards live H. m. rosina females and 172 
courtship events directed toward   H. c. chioneus females by 16 H. m. rosina and 27 H. 
c. chioneus males. The best model for these data was the full model with different and 
unconstrained preferences for H. m. rosina and H. c. chioneus males (Table 3.1D). The 
full model had considerably more support than all other models (DDIC > 3). Species-
level preference for H. m. rosina males under the full model was 0.941 (95% ETPI 
0.904—0.973), whereas H. c. chioneus males had a species-level preference of 0.144 
(95% ETPI 0.143—0.205; Figure 3.1D). Similar to the parapatric species comparison, 
estimates of inter-individual variance in preference were low for both H. m. rosina 
(0.0473, 95% ETPI 0.00003—5.2160) and H. c. chioneus (0.0073, 95% ETPI 
0.00003—1.3060), and we detected little variation in preferences among individuals 
within each species (Figure 3.2D). 
The extent of variance in preference among individuals differed significantly 
among populations based on the Brown-Forsythe Levene-type test for equality of 
variances (F = 23.179, df = 7, 277, P < 0.000001). Our post-hoc analysis indicated that 
both H. c. alithea morphs displayed greater variation in preference among individuals 
than any of the other populations, which were not significantly different from each other 
(based on Tukey’s HSD with alpha = 0.05). 
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  Table – 3.3. Results from Bayesian analyses of mate preference. (A) Within population 
comparison – polymorphic Heliconius cydno alithea; (B) Warning-colour race comparison 
– Heliconius melpomene aglaope and H. m. amaryllis; (C) Parapatric species comparison 
– Heliconius cydno galanthus and H. pachinusi; (D) Sympatric species comparison – 
Heliconius cydno chioneus and H. melpomene rosina.  
 
       ! Model !  pD DIC Δ DIC ! ! ! ! ! ! !
(A) Full 419.966 379.504 40.462 460.429 0 
 π1 = π2 427.090 378.916 48.174 475.265 14.836 
 π1 = 0.5 425.032 373.985 51.047 476.079 15.65 
 π2 = 0.5 422.555 383.156 39.400 461.955 1.526 
 π1 = p2 = 0.5 426.709 376.440 50.269 476.977 16.548 
! ! ! ! ! ! !
(B) Full 60.271 56.200 4.070 64.341 2.124 
 π1 = π2 63.288 60.508 2.780 66.067 3.85 
 π1 = 0.5 64.869 59.838 5.031 69.900 7.683 
 π2 = 0.5 59.894 57.571 2.323 62.217 0 
 π1 = π2 = 0.5 65.283 62.812 2.470 67.753 5.536 
! ! ! ! ! ! !
(C) Full 296.378 291.074 5.304 301.681 0 
 π1 = π2 285.183 207.873 77.310 362.494 60.813 
 π1 = 0.5 290.092 222.584 67.507 357.599 55.918 
 π2 = 0.5 284.756 218.896 65.860 350.616 48.935 
 π1 = π2 = 0.5 284.894 207.707 77.187 362.082 60.401 
! ! ! ! ! ! !
(D) Full 97.750 90.695 7.055 104.805 0 
 π1 = π2 2.814 51.129 31.685 114.499 9.694 
 π1 = 0.5 83.506 55.053 28.453 111.959 7.154 
 π2 = 0.5 85.572 58.538 27.035 112.607 7.802 
 π1 = π2 = 0.5 83.364 51.688 31.676 115.039 10.234 
The following metrics are reported: the mean model deviance ( ), the model deviance based on point 
estimates of parameters from the posterior distribution ( ), the effective number of model parameters (pD 
= - ), the deviance information criterion (DIC = pD + ), and ∆ DIC, which is the difference between 
DIC for each model and the DIC of the best model. Lines in bold represent models for each comparison 
with the greatest support. 
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My analysis of the mitochondrial sequence data obtained from GenBank 
revealed almost no divergence between either the two H. cydno alithea colour morphs 
(average mtDNA divergence = 0.38%) or between the two warning colour races, H. 
melpomene aglaope and H. m. amaryllis (average mtDNA divergence = 0.30%). As 
expected, however, there was considerably greater divergence between H. cydno 
galanthus and H. pachinus (average mtDNA divergence = 1.23%) and between the two 
sympatic species, H. cydno chioneus and H. melpomene rosina (average mtDNA 
divergence = 3.72%).  
The model with mtDNA divergence and the square of mtDNA divergence is 
about 1.7 times more likely given the estimates of population preference than the model 
with just mtDNA divergence (AICC = -7.153, AIC weight = 0.6116; AICC = -6.245, 
AIC weight = 0.3884, for these two models, respectively). This model explains 82.5 
percent of the variation in the extent of population’s preference and includes a 
significant linear effect of mtDNA divergence (beta = 0.395, t = 3.165, P = 0.0249) and 
a marginally significant effect of the square of mtDNA divergence (beta = -0.075, t = 
=2.506, P= 0.0541). 
 
DISCUSSION 
The results presented here demonstrate divergent preferences across the recent but 
impressive cydno-melpomene radiation, which includes over 45 named taxa that have 
evolved within as little as a million years (BELTRÁN et al., 2007). Mate preferences 
were far stronger in species level comparisons. Below the species level male mate 
preferences were more subtle with evidence for a preference asymmetry, whereby only 
one member of each pair showed a preference. These findings reinforce a model for 
ecological speciation in which pre-mating isolation increases throughout the continuum 
from polymorphic populations through to ‘good’, sympatric ecologically divergent 
species. In particular, for the populations studied here, our results suggest an initial 
accumulation of preference alleles between populations using different ecological 
niches followed by a rapid strengthening of these preferences. In addition, by utilising a 
novel statistical approach these results also reveal differences in the degree of variation 
in mate preferences between individuals at the different stages of divergence.  
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FIGURE 3.2 – Individual level mate preferences. (A) Within population comparison 
between white (black circles) and yellow (red circles) morphs of Heliconius cydno alithea, 
(B) warning-colour race comparison between Heliconius melpomene aglaope (black 
circles)  and Heliconius melpomene amaryllis (red circles), (C) parapatric species 
comparison between Heliconius cydno galanthus (black circles) and Heliconius pachinus 
(red circles)  and (D) sympatric species comparison between Heliconius cydno chioneus 
(black circles)  and H. melpomene rosina (red circles). In each case 1 would indicate a 
complete preference for the red or yellow female type of the pair and 0 would indicate a 
complete preference for the white or rayed female type of the pair. Error bars represent 
95% ETPI for estimates of preference for each individual. The dashed line represents a 
population preference of 0.5 (i.e. no preference). 
 
 
 
 
 
The Bayesian model not only represents a more accurate statistical model for 
mate preference data, but also provides additional information that would not be 
apparent based on models that assume a single preference parameter for all individuals 
(including my likelihood analysis presented as supplementary material). By collecting 
data on courtship events directed towards female types by individual males, it was 
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 possible to estimate both population and individual variation in male mating preference, 
while appropriately accounting for uncertainty at both of these levels (GELMAN et al. 
2003). This is because courtship bouts by individual males were modeled as stochastic 
samples given their mate preference, with each individual’s mate preference modelled 
as a random sample from the population or gene pool. This approach contrasts with 
most previous approaches to estimating mate preference in Heliconius, which have 
assumed a single preference parameter for all individuals within a population and have 
treated multiple courtship bouts by a single individual in the same way as multiple 
courtship bouts by different individuals (JIGGINS et al. 2001b; KRONFORST et al. 2006a; 
MCMILLAN et al. 1997), but see (CHAMBERLAIN et al. 2009) for a non-Bayesian mixed-
model approach similar to that taken here.  
Heritable individual variation is the raw material for evolution and ultimately 
speciation, but relatively few studies document levels of individual variation in 
preference. Studies of preference or choice in speciation biology could therefore benefit 
from adopting a modelling approach similar to the one we have taken here. My own 
results demonstrate that individuals within a single polymorphic population display 
considerably greater variation in mate preference for like colour pattern morphs than 
individuals belonging to different warning colour races or species. These results suggest 
more segregating genetic variation for mate preference in the earlier stages of 
speciation, perhaps resulting from weaker selection or a shorter history of selection on 
mate preference.  
At the population level, the results show a notable and substantial increase in the 
degree of preference divergence between polymorphic populations and geographic races 
(both of which showed minimal mtDNA divergence) and species level comparisons. 
This is evidenced by the fact that the model fitted with mtDNA divergence and the 
square of mtDNA divergence was more likely than that which only included mtDNA 
divergence. Of course an important caveat to consider when interpreting these data 
concerns the use of different methodologies whilst testing male preference – that is, 
whether males were tested simultaneously in groups or individually. However, there 
were no consistent differences between methodologies in the degree of individual 
variation detected as might be expected if this has an effect. Furthermore a previous 
study has shown that Heliconius mate preferences are unlikely to be influenced by 
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 learning from other individuals, which would be the main concern (JIGGINS et al. 2004). 
Finally, male-male competition is unlikely to affect the results because I measured 
courtship rather than mating outcome. 
Although the full model received the most support, the group-level preference of 
the white H. c. alithea morph was very close to showing no preference (0.465, 95% 
ETPI 0.419—0.511), and this was only a very slight improvement over the model where 
the group-level preference of the white morph was set to 0.5 (i.e. no preference). As 
discussed previously by Chamberlain et al. (2009), this observation may reflect 
differing patterns of dominance for colour pattern and the corresponding mate 
preferences. F1 hybrids between H. cydno galanthus and H. pachinus are white (white is 
dominant over yellow) and demonstrate intermediate species-specific preferences; 
however, among F2 hybrids, male preference segregates with alleles at the K locus, 
which is responsible for the white/yellow forewing colour switch both between these 
two species and between the two H. c. alithea colour morphs (CHAMBERLAIN et al. 
2009). If tight linkage (or pleiotropy) between colour pattern and preference similarly 
underlies divergent mate preferences between H. c. alithea colour morphs, and it is hard 
to imagine an alternative, the lack of a detectable preference among white males may 
simply be due to the fact that many of these will be heterozygotes at the K locus 
(CHAMBERLAIN et al. 2009). 
Notably, the asymmetry in population level mate preferences is strikingly 
similar in my second comparison below the species level, where H. m. amaryllis shows 
a preference but H. m. aglaope does not. Previous studies have shown differences in 
mate preference between races of H. melpomene, but were conducted between allopatric 
forms collected at least 200km apart (JIGGINS et al. 2004). Consequently, my 
experimental results provide the first evidence of partial assortative mating between 
adjacent populations across a colour pattern hybrid zone. Nonetheless, our results do 
parallel previous data, which showed a similarly asymmetric preference between the 
upland H. m. notabilis and lowland H. m. malleti from Ecuador.  In both cases the 
upland ‘postman’ (H. m. amaryllis and H. m. notabilis) race shows the stronger mate 
preference (JIGGINS et al. 2004). In contrast to the two H. c. alithea morphs, here the 
asymmetry cannot be explained by differing patterns of dominance because 
heterozygotes have intermediate colour patterns.   However, Heliconius have a general 
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 tendency to be attracted to red objects, which might explain why the orange and yellow 
patterns of H. m. aglaope and H. m. malleti are not as strongly favoured by those males. 
Such asymmetries in pre-mating isolation are not unknown and have been observed in 
Hawaiian Drosophila (KANESHIRO 1980), salamanders (ARNOLD et al. 1996) and sea 
snakes (SHINE et al. 2002) amongst others. In one example, an asymmetry has been 
observed between two recently diverged species of parasitoid wasp in the genus 
Nasonia, where N. oneida discriminates but its sister species N. giraulti does not 
(RAYCHOUDHURY et al. 2010). Preferences may simply not evolve in tandem, with one 
group of individuals acquiring preference alleles before the other.  Patterns of 
asymmetry are commonly seen in post-mating isolation, and presumably reflect the 
stochastic nature of the accumulation of differences as populations diverge (COYNE and 
ORR 2004). Such stochasticity might similarly explain the asymmetric accumulation of 
pre-mating isolation seen here (pairs A and B) and elsewhere.  
The hybrid zone between H. m. amaryllis and H. m. aglaope in north-east Peru 
is one of the best described in the Heliconius literature. Previous analysis of this hybrid 
zone has assumed that the zone is maintained entirely by frequency dependent mimicry 
selection on wing pattern, with between 20-50% reduced survival of foreign morphs 
(MALLET and BARTON 1989). Considerable gene flow persists across much of the 
genome but is reduced for loci linked to colour pattern (BAXTER et al. 2010). Our data 
suggest that mate preferences may also contribute to hybrid zone dynamics. A common 
feature across all our comparisons, and for that matter Heliconius taxa in general, is 
high levels of gene flow. Gene flow is expected to break down associations between 
alleles under ecological selection and components of assortative mating (FELSENSTEIN 
1981).  Among Heliconius, mimetic wing colour patterns are used both to warn 
predators and during mate choice (JIGGINS et al. 2001a), and are therefore a clear 
example of an ecological trait with a pleiotropic effect on mate choice. Nevertheless, 
alleles for preference cues and the preferences themselves may also become 
disassociated thereby impeding the evolution of assortative mating. The unusual genetic 
architecture of traits involved in Heliconius mate choice at the species level, involving 
physical linkage between alleles for colour pattern and preference, would allow mate 
preferences to be maintained in the face of gene flow (KRONFORST et al. 2006c; Chapter 
4). However genetic studies of mate choice have yet to be carried out at the intra-
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 specific level and it will be interesting to determine whether similar associations exist 
between male preference alleles and colour pattern loci. This might help illuminate why 
H. m. aglaope and H. m. amaryllis don’t show stronger preferences, more comparable 
to that observed between H. cydno galanthus and H. pachinus.  
Among Heliconius, male mate preferences evolve early, with differences 
detected both within a single polymorphic population and across a narrow intra-specific 
hybrid zone. Similarly, below the species level, populations of Pundamilia cichlids 
from two islands in Lake Victoria reveal differences in female preferences across the 
transition of light environments and the differences are more pronounced where this 
transition is less steep (SEEHAUSEN et al. 2008). I also demonstrate an increase in the 
strength of pre-mating reproductive isolation across the spectrum of Heliconius 
divergence and this increase is striking at the species boundary. Not only are the times 
since divergence greater, allowing for further accumulation of preference alleles, but 
these observations may additionally reflect adaptive processes that can increase pre-
mating isolation.  Persistent gene flow between divergent forms can lead to enhanced 
mate preferences during the final stages of speciation when natural selection acts 
against maladaptive hybrids, in a process known as reinforcement (DOBZHANSKY 1937; 
FISHER 1958). In fact, enhanced mate preferences in areas of contact are observed 
between divergent Heliconius taxa and in particular those used in our species-level 
comparisons (JIGGINS et al. 2001b; KRONFORST et al. 2006c; Merrill, unpublished data). 
I have demonstrated increased predation against recombinant colour patterns (Chapter 
2), and this could drive the spread of alleles for enhanced mate preferences both among 
H. c. galanthus and H. pachinus, and H. c. chioneus and H. m. rosina in a 
reinforcement-like process. In contrast, rampant gene flow may inhibit the fixation of 
preference alleles in the narrow hybrid zone that separates H. m. amaryllis and H. m. 
aglaope. Finally, we also observe increased preference in the H. c. chioneus and H. m. 
rosina comparison, as compared to that between H. c. galanthus and H. pachinus. 
Importantly the former produce sterile F1 hybrid females, while the latter produce 
entirely fertile and viable hybrids.  This is consistent with reinforcement playing a role 
in the very final stages of speciation, as post-mating isolation increases.  
Our study considers male mate preference behaviours rather than absolute 
premating isolation; nonetheless there are obvious comparisons to be made with 
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 previous studies. Perhaps the most extensive analysis of the speciation continuum 
remains Coyne and Orr’s (1989; 1997) well-known study on closely related pairs of 
Drosophila species. Here mating discrimination and post-mating isolation increased 
gradually with time, and strong premating isolation evolved much earlier among 
sympatric species. Reinforcement is considered the most likely explanation of this 
pattern, and these data are therefore broadly consistent with our study in which strong 
mate preferences are observed between hybridising taxa that diverged within the last 
million years. Interestingly, this would suggest that reinforcement drives the evolution 
of premating isolation in sympatry before the evolution of strong post-mating isolation, 
implying a role for extrinsic postzygotic isolation (EGAN and FUNK 2009; HATFIELD and 
SCHLUTER 1999). Indeed, reproductive character displacement, a signature of 
reinforcement, has been observed between Heliconius taxa without intrinsic 
incompatibilities (KRONFORST et al. 2007).  Selection against hybrids is likely, due to 
reduced mating-success  (NAISBIT et al. 2001) and increased predation on non-mimetic 
hybrids. Here, as in many other systems, sexual isolation evolves more quickly than 
postmating incompatibilities (COYNE and ORR 1997; MCMILLAN et al. 1997; 
MENDELSON and SHAW 2005).  
One clear limitation of my analysis is that currently there only comparable mate 
preference data for four population pairs. Nevertheless, my results span the range of 
divergence from populations with polymorphism for ecological traits to ‘good’ well-
differentiated species showing intrinsic post-mating isolation, analogous to that 
discussed in other emerging model systems of speciation research such as sticklebacks 
(HENDRY et al. 2009). Furthermore, although one novel aspect of our study is the ability 
to directly compare preference data, our results appear to reflect a consensus in the 
Heliconius literature where very recently diverged taxa show some limited pre-mating 
isolation  (CHAMBERLAIN et al. 2009; JIGGINS et al. 2004), as compared to more 
diverged populations and ‘good’ species that demonstrate considerable assortative 
mating (GIRALDO et al. 2008; JIGGINS et al. 2001b; KRONFORST et al. 2006a; MAVÁREZ 
et al. 2006; MCMILLAN et al. 1997; MUÑOZ et al. 2010). Interestingly, although there 
appears to be a clear continuum of genetic divergence (MALLET et al. 2007) to date 
there is little evidence for ‘intermediate’ levels of premating isolation. That is, 
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 populations seem to show almost no assortative mating or almost complete assortative 
mating. 
My observations suggest a model of Heliconius speciation in which an initial 
divergence in mate preference, perhaps as a result of selection for more efficient mate 
finding, reduces gene flow. This in turn might permit the further accumulation of 
preference alleles that strengthen pre-mating isolation, perhaps assisted by physical 
linkage and driven by reinforcement. If true, this implies gene flow is both destructive 
and constructive during the speciation process, but that its exact role at any point during 
the continuum depends on whether a threshold has been crossed. Whatever the exact 
mechanisms responsible, my results imply that the evolution of premating isolation is a 
cumulative process as genetic divergence increases.  
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Pervasive genetic associations  
between traits causing reproductive  
isolation in Heliconius butterflies 4 
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 Ecological speciation proceeds through the accumulation of divergent traits 
that contribute to reproductive isolation, but in the face of gene flow traits 
that characterize incipient species may become disassociated through 
recombination. Heliconius butterflies are well known for bright mimetic 
warning patterns that are also used in mate recognition and cause both pre- 
and post-mating isolation between divergent taxa. Sympatric sister-taxa 
representing the final stages of speciation, such as Heliconius cydno and H. 
melpomene, also differ in ecology and hybrid fertility. I examine mate 
preference and sterility among offspring of crosses between these species and 
demonstrate the clustering of Mendelian colour pattern loci and behavioural 
loci that contribute to reproductive isolation. In particular, male preference 
for red patterns is associated with the locus responsible for the red forewing 
band. Two further colour pattern loci are associated, respectively, with 
female mating outcome and hybrid sterility. This genetic architecture in 
which ‘speciation genes’ are clustered in the genome can facilitate two 
controversial models of speciation, namely divergence in the face of gene 
flow and hybrid speciation.  
 
 
INTRODUCTION 
Whether disruptive selection can cause speciation in the face of gene flow remains a 
controversial problem in evolutionary biology (COYNE and ORR 2004). Theoretical 
objections are typically based on the argument that hybridization and recombination 
will break down associations between traits that characterize emerging species (MAYR 
1963). Accordingly, genetic architectures that impede recombination can slow the 
breakdown of linkage disequilibrium and facilitate speciation (SERVEDIO 2009). For 
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 example, traits under disruptive ecological selection that are also used as mating cues 
can promote speciation because the same locus influences both assortative mating and 
ecological divergence (a 'magic' trait; GAVRILETS 2004; SERVEDIO et al. 2011). 
Similarly, chromosomal rearrangements such as inversions can prevent recombination 
between alleles (NOOR et al. 2001b; RIESEBERG 2001) and may additionally permit the 
build up of incompatibilities (NAVARRO and BARTON 2003), despite gene flow in other 
parts of the genome. Tight linkage, and in some cases even the placement of isolating 
genes on the same chromosome, would act in a similar way (FELSENSTEIN 1981; 
SERVEDIO 2009). Nonetheless, few empirical studies of animal taxa outside Drosophila 
have explored the genetic basis of both pre- and post-mating traits that contribute to 
reproductive and ecological isolation (reviewed in Chapter 1).  
Butterfly wing patterns are often involved in ecological adaptation as well as 
mate choice (HEINRICH 1993; NIJHOUT 1991), and are known to play a direct role in 
speciation (BATES 1862; VANE-WRIGHT 1978). Heliconius is a diverse neotropical 
genus famous for Müllerian mimicry, where unrelated species converge in their 
aposematic colour patterns to more efficiently advertise their unpalatability to predators. 
Sister taxa tend to belong to different mimicry rings and evidence suggests that shifts in 
colour pattern can influence both pre-mating and post-mating isolation, thereby 
promoting rapid speciation (JIGGINS et al. 2001b). In at least five species, males prefer 
their own pattern over those of closely related taxa (JIGGINS et al. 2004; JIGGINS et al. 
2001b; KRONFORST et al. 2006b; MAVÁRAZ et al. 2006). Colour pattern is also under 
strong frequency-dependent selection due to predation implying that recombinant, non-
mimetic hybrids will be selected against (MALLET and BARTON 1989). These colour 
patterns are therefore a clear example of an ecological trait with a pleiotropic effect on 
mate choice and could be considered ‘magic traits’ (sensu Gavrilets  2004). 
Nonetheless, shifts in colour pattern must be accompanied by corresponding 
mate preferences to cause reproductive isolation. One possibility is that shifts in mate 
preference follow changes in colour pattern due to selection for efficient mate finding.  
Hybrid zones between geographical races of H. melpomene are in Hardy-Weinberg 
equilibrium, suggesting that divergent mate preferences observed between these 
varieties break down in the face of gene flow (JIGGINS et al. 2004; MALLET 1986; 
MALLET 1993; TURNER 1971). In later stages of speciation, however, there is evidence 
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 that hybridization may promote divergence through reinforcement or a similar process. 
Some parapatric taxa show bimodal hybrid zones (ARIAS et al. 2008; JIGGINS et al. 
1996), and sympatric species can show enhanced assortative mating in areas of contact 
(JIGGINS et al. 2001b; KRONFORST et al. 2007). Consistent with reinforcement, 
recombinant hybrids often experience decreased mating success (NAISBIT et al. 2001) 
and female sterility (JIGGINS et al. 2001a; NAISBIT et al. 2002), in addition to increased 
predation.  
Where gene flow persists, speciation is facilitated by genetic linkage between 
traits that contribute to reproductive and ecological isolation.  Examples of such 
associations have now been demonstrated for a handful of sympatric species 
(HAWTHORNE and VIA 2001; NOOR et al. 2001a; NOOR et al. 2001b; RIESEBERG et al. 
1999; SÆTHER et al. 2007; SÆTRE et al. 2003; SHAW and LESNICK 2009), including one 
pair of parapatric Heliconius taxa, H. cydno and H. pachinus, where male preference 
and forewing colour map to a single quantitative trait locus (QTL) (KRONFORST et al. 
2006b). However, in other systems no association has been detected (e.g. FU et al. 
2005; SLUIJS et al. 2010).# As# such,# the generality of associations between loci for 
preference and preference cues, in addition to other traits that contribute reproductive 
and ecological isolation and their importance for speciation remains unclear.  
I study H. cydno and H. melpomene, species that are sympatric across much of 
Central and northern South America. In addition to mimetic colour pattern and male 
preference these species also differ in habitat and host-plant use, and these sister-taxa 
likely represent the final stages of the speciation process (ESTRADA and JIGGINS 2002; 
JIGGINS et al. 2001b; SMILEY 1976). Although hybrids between H. cydno and H. 
melpomene are rare in nature gene flow persists at a low level (BULL et al. 2006; 
KRONFORST et al. 2006a) and fertile male hybrids can be produced in the insectary. I 
take advantage of this to explore the genetic basis of a suite of traits that contribute to 
reproductive and ecological isolation, including male mate preference, female mating 
outcome (which may reflect female choice), behavioural sterility (manifest as the failure 
to lay eggs) and mimetic colour pattern. The results reveal pervasive genetic 
associations between speciation genes. 
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 FIGURE 4.1 – The phenotypes of Heliconius melpomene, H. cydno, and a heterozygote 
at the loci studied here: i) red forewing band HmB locus, ii) the anterior part of the white 
forewing hourglass HmAc locus, iii) the yellow hindwing bar HmYb locus. The HmB and 
HmAc loci have dominant alleles in H. melpomene; heterozygotes can only be distinguished 
in the backcross to H. cydno. The HmYb locus is partially dominant so that heterozygotes 
can be distinguished in both backcrosses. In each pair of wings the lower surface is shown 
to the left and the upper surface on the right. 
 
MATERIALS AND METHODS 
Butterfly collection, crossing design and colour pattern scoring  
Founder individuals of Heliconius cydno chioneus (CP) and Heliconius melpomene 
rosina (MP) were collected from Gamboa (9 87.49N, 79 842.29W, elevation 60m) and  
the nearby Soberanía National Park, República de Panamá. Stock populations were kept 
in insectaries located in Gamboa. These were used to obtain F1 hybrids (CP mother and 
MP father) and backcross hybrids to each species (BC, male backcross to H. cydno and 
BM, male backcross to H. melpomene). Differences in wing colour pattern between H. 
cydno and H. melpomene are controlled by as few as ten loci of major effect, seven of 
which are found on just two linkage groups (NAISBIT et al. 2003). This permits a simple 
QTL analysis using segregation of phenotypic traits as genetic markers. Wings were 
scored for colour pattern loci following Naisbit et al. (2003): BC individuals were 
scored at the B, Ac and Yb loci (which are unlinked) and BM individuals at the Yb locus 
(Figure 4.1). Although further colour pattern loci also segregate in BC and BM 
individuals these could not be scored with confidence due to wing wear and were not 
included in my analysis. BC individuals heterozygous at the B locus (Bb) have a red 
forewing band (as observed in H. melpomene) whereas homozygous individuals (bb) 
lack this (both genotypes also have a white forewing band controlled by a different 
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 locus; NAISBIT et al. 2003). The Ac locus also segregates in BC individuals resulting in 
the presence (acac) or absence (Acac) of the white hourglass shape observed in the 
main forewing cell of H. cydno (NAISBIT et al. 2003). The partially dominant Yb locus, 
which controls the expression of yellow hind-wing bar seen in H. melpomene rosina 
(ybyb), segregates in BC individuals so that heterozygous individuals (Ybyb) show a 
shadow of the bar formed by melanic scales with altered reflectance and can be 
distinguished from homozygous individuals (YbYb) (NAISBIT et al. 2003). 
In addition to scoring individuals for colour pattern loci, I also genotyped a 
subset of individuals across a panel of eight unlinked molecular markers (Table 4.1). 
This resulted in a reduced data set of between 37 and 43 males and between 38 and 44 
females for which I had tissue and was confidently able to assign the ancestry of alleles. 
Of the eight markers used, seven have previously been mapped (JIGGINS et al. 2005) to 
different linkage groups that do not contain B, Ac or Yb. The eighth marker, Ci, is on the 
same linkage group as the B locus; however, Ci is known to be approximately 65cM 
from B (BAXTER et al. 2008) and in my broods there was no significant association 
between the two loci (P > 0.1) implying high rates of recombination between these two 
loci. These markers serve as a control in testing for genetic associations between traits 
that contribute to reproductive isolation. 
 
 TABLE 4.1 – Details of markers used as molecular control loci.   
    
Marker Name Abbreviation Linkage Group Polymorphism 
    
Microsatellite Hm21 Hm21 2 Size difference 
Microsatellite Hm02 Hm02 3 Size difference 
Ribosomal protein S14 RpS14 6 SNP 
Ribosomal protein L30 RpL30 11 SNP 
Ribosomal protein L21 RpL21 17 SNP 
Cubitus interruptus Ci 18 Size difference 
Microsatellite Hm16 Hm16 19 Size difference 
Ribosomal protein L23A RpL23A 20 SNP 
Ribosomal protein L21 RpL21 17 SNP 
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 Male preference experiments 
I determined individual male mate preferences for Heliconius cydno chioneus (CP) and 
Heliconius melpomene rosina (MP), their F1 hybrids (F1) and backcross hybrids to each 
species. Males were introduced into experimental cages (1x1x2m) with a virgin female 
of each species (0-10 days matched for age). Female pairs were reused and replaced 
when fresh individuals became available. Fifteen-minute trials were divided into one-
minute intervals, which were scored for courtship (sustained hovering or chasing) 
directed towards each female as having occurred (1) or not occurred (0). Accordingly, if 
a male courted the same female twice within a minute interval it was recorded only 
once; if courtship continued into a second minute it was recorded twice. On mating, 
couples were rapidly and gently separated; this does not affect subsequent behaviours 
(JIGGINS et al. 2001b). Where possible trials were repeated five times for each male, 
producing individual scores of total courtships and mating attempts directed towards 
females of each species.  
Models for my second male preference experiment were made from dissected H. 
cydno and H. melpomene wings. After removal, wings were washed for five minutes in 
hexane to remove cuticular hydrocarbons.  Models, one made from the wings of each 
species and attached to equal lengths of flexible wire, were presented simultaneously to 
males in a 2x2x2m insectary.  Models were manipulated to simulate flight and males 
were tested individually in five-minute trials during which the number of courtships 
(sustained hovering) directed towards each model was recorded. Trials were repeated 
five times for each male. 
 
Female “choice” experiment 
Twenty H. cydno and twenty H. melpomene males were maintained in an experimental 
cage (3 x 5 x 3m) with ample pollen sources as well as artificial nectar. Virgin females 
were introduced once they were able to fly (normally 1 to 2 hours after eclosion) and 
removed on mating or after 72 hours if they remained unmated. Because pairs stay 
coupled for at least one hour I was able to record all matings by monitoring the 
experimental cage every hour between 0700h and 1800h. After mating, males were 
replaced with fresh individuals from stock populations. 
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 To quantify relative male interest I recorded courtship events by H. cydno and 
H. melpomene males during 10-minute focal observations of individual females. As 
with my live-female male preference experiment, observations were divided into one-
minute intervals during which courtships by each species were scored as having 
occurred (1) or not having occurred (0).  In this case, courtship events could be scored 
multiple times during each minute interval when performed by different males. 
Observations were paused if the female flew out of sight and restarted when she was 
relocated. 
 
Female sterility experiment 
Passiflora menispermifolia and P. vitifolia, with fresh shoots for oviposition, were 
provided to individual mated females. Eggs were collected and numbers recorded daily. 
I considered mated hybrid females as sterile once two criteria had been met: First, 
females that did not lay eggs had been in the cage for a minimum of eight days; second, 
females that did not lay eggs were at least 15 days old. Non-laying females that did not 
meet these criteria were excluded from analysis.  
 
Statistical analysis 
Using the data collected in my male preference experiments, I estimated relative 
probabilities of male courtship directed towards H. melpomene rather than H. cydno 
females or models with likelihood (EDWARDS 1972; JIGGINS et al. 2001b; KRONFORST 
et al. 2006b). The likelihood function was  
 
ln(L) = ∑ [mi ln(P1j) + ci ln(1-P1j)] 
 
 where mi = the total number of courtship events by male i directed towards H. 
melpomene, ci = the total number of events by male i directed towards H. cydno, P1j = 
probability of males of genotype j performing behaviours directed towards H. 
melpomene. Probabilities of male courtship were estimated by numerically searching for 
values of P1j that maximised ln(L), using the solver option in EXCEL (Microsoft). 
Support limits, asymptotically equivalent to 95% confidence intervals, were obtained by 
searching for values that decreased ln(L) by two units (EDWARDS 1972). Essentially the 
67
 same likelihood function and approach was used to analyze the male interest data 
collected in my female experiment; however, in this case mi and ci are the total number 
of courtship events directed towards female i by H. melpomene and H. cydno males, 
respectively; similarly, for these data P1j  is the probability of H. melpomene males 
performing behaviours directed towards females of genotype j. 
To compare individuals that differed at colour pattern and molecular marker loci 
I first produced a model where relative probabilities for different genotypes were set 
equal (P11 = P12). This was then compared to a second model in which relative 
probabilities for each genotype were estimated separately (P11 ≠ P12) using a likelihood 
ratio test (LRT) with G = 2∆ln(L), which asymptotically follows a χ2 distribution with 
one degree of freedom. Reported P values are after Bonferroni correction for multiple 
comparisons where appropriate. 
We used generalized linear models (GLMs) with binomial error distribution to 
analyze data collected in my female mating and female sterility experiments. To test for 
additive effects of colour pattern chromosomes, models were first fitted with all loci as 
explanatory variables. In all cases, model simplification resulted in a minimum adequate 
model with a single explanatory variable and significance was tested with χ2-tests. Due 
to the small number of individuals for which I had sterility data and was able to 
genotype at my molecular control loci, I was unable to fit a binomial GLM for this 
analysis. Instead I tested for associations between molecular control loci and the failure 
to lay eggs using Fisher’s exact tests, with a Bonferroni correction across the nine tests. 
 
 TABLE 4.2. The probability of males courting live H. melpomene females. A courtship 
value of 1 indicates a complete preference for H. melpomene and 0 a complete preference 
for H. cydno. Support limits are asymptotically equivalent to 95% confidence intervals and 
were obtained by searching for values that decreased ln(L) by two units . 
 
    
 Courtship   
    
Heliconius cydno (CP) 0.19 (+0.06, -0.05)   
Backcross to Heliconius cydno (BC) 0.41 (+0.03, -0.04)   
F1   (Heliconius cydno X Heliconius melpomene) 0.79 (+0.05, -0.53)   
Backcross to Heliconius melpomene (BM) 0.90 (+0.03, -0.04)   
Heliconius melpomene (MP) 0.94 (+0.03, -0.04)   
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FIGURE 4.2 – Male mate preference of H. cydno, H. melpomene and their hybrids. 
Proportion of courtship events directed towards live Heliconius melpomene females by H. 
cydno (A - white bars) and H. melpomene (A - red bars) males, their F1 hybrid males (B), 
and male offspring from back-cross broods to each species (C, backcross to H. 
melpomene, and D backcross to H. cydno). In each case red bars represent individuals with 
a red forewing bar (BB or Bb) and white bars individuals without the red forewing bar (bb). 
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 RESULTS 
Male preference for wing colour pattern is linked to forewing colouration  
In total I recorded 1814 courtship events by 183 males in 856 15-minute trials. As 
expected the probabilities of courtship were predicted by the genetic contribution of the 
parental species (i.e. CP < BC < F1 < BM < MP; Table 4.2). CP and MP preferred 
conspecific females, whereas F1 males displayed a more intermediate preference but 
with a considerable skew towards H. melpomene (Figure 4.2A and B). Very little 
segregation in mate preference was observed among BM males and as a group they 
differed little from MP (Figure 4.2C). In contrast, BC males showed the full range of 
mate preference (Figure 4.2D). 
Of these BC individuals, those with the red forewing band (Bb) were more likely 
to court H. melpomene rather than H. cydno females as compared to homozygous 
individuals (bb) (G = 58.64 P << 0.001; Figure 4.3A). My probability estimates for the 
two B locus genotypes, in addition to those for CP and MP males (Tables 4.2 and 4.3A) 
reveal effect sizes for the B locus of 34.7% of the measured differences in courtship 
between H. melpomene and H. cydno. After Bonferroni correction for multiple 
comparisons, neither variation at the Ac locus nor at the Yb locus was significantly 
associated with male preference for live females. Similarly, there were no significant 
associations between any of my molecular control markers and male mate preference 
(Table 4.4A). With the exception of the microsatellite marker Hm02 on linkage group 3, 
the association between male mate preference and the B locus remained significant 
despite the reduced number of individuals that I was able to score at molecular markers 
(Table 4.4B). Consequently, the lack of additional associations does not appear to be 
due to a lack of statistical power, though the analysis may fail to detect loci of smaller 
effects.  
A previous study in races of H. melpomene found no experimental evidence for 
learning of male preferences from other individuals (JIGGINS et al. 2004) and the 
hybrids used here were kept in mixed male-only groups. Nonetheless, my results might 
also be explained by self-matching, so I repeated the experiment with a further 17 BC 
males that eclosed in the dark and then had their forewing band blacked-out using a 
Sharpie® marker pen under red light. Males heterozygous at the B locus were still more 
likely to court H. melpomene than H. cydno females as compared to homozygous 
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 individuals (G = 10.44, P < 0.005; Figure 4.3A) even though they did not have the 
opportunity to learn their own colour pattern.  
 
 
 
 FIGURE 4.3 – Male mate preference is associated with forewing colour. The probability 
of courting Heliconius melpomene live females (A) and wing pattern models (B) by back-
cross hybrids to H. cydno (BC) that have the red forewing band (Bb, red squares) and those 
that do not (bb, white squares), where 1 would indicate a complete preference for H. 
melpomene and 0 a preference for H. cydno. Blacked-out males had their forewing colour 
pattern obscured in order to prevent self-matching. Dashed lines represent the probabilities 
of courting live H. melpomene females for H. melpomene (MP) and H. cydno (CP) males. 
Support limits are asymptotically equivalent to 95% confidence intervals and were obtained 
by searching for values that decreased ln(L) by two units. 
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 To investigate the cues used in male mate choice, I tested 42 BC males in 
preference trials with models made from Heliconius wings (washed in hexane to 
remove cuticular hydrocarbon cues). Once again individuals heterozygous at the B locus 
were more likely to court the H. melpomene pattern (G = 11.42, P < 0.005; Figure 
4.3B), demonstrating that the preference was at least in part for colour pattern, as 
opposed to other pheromonal or behavioural cues. Again, I found no significant 
differences associated with either the Ac or Yb loci (Table 4.3B).  
 
 TABLE 4.3 – The probability of courting H. melpomene by back-cross hybrids to H. 
cydno (BC) that differ at colour pattern loci. (A) Experiments with live females; (B) 
experiments with models. A courtship value of 1 indicates a complete preference for H. 
melpomene and 0 a complete preference for H. cydno. Support limits are asymptotically 
equivalent to 95% confidence intervals and were obtained by searching for values that 
decreased ln(L) by two units. Significance values are reported after Bonferroni correction 
across the three tests: *** P<0.001; ** P<0.005; * P<0.05; NS P>0.1. 
 
     
(A) Live Females (B) Models 
Genotype n Courtship G n Courtship G 
       
bb 42 0.29 (+0.04,-0.04)  19 0.59 (+0.10,-0.11)  
Bb 45 0.55 (+0.05,-0.05) 58.64*** 25 0.85 (+0.08,-0.11) 11.42** 
acac 41 0.39 (+0.05,-0.05)  18 0.67 (+0.05,-0.05)  
Acac 43 0.45 (+0.05,-0.05) 2.79NS 26 0.74 (+0.05,-0.05) 0.88NS 
YbYb 35 0.35 (+0.06,-0.05)  18 0.77 (+0.10,-0.12)  
Ybyb 39 0.37 (+0.05,-0.05) 3.00NS 19 0.65 (+0.11,-0.12) 2.21NS 
 
 
Female mating outcome and male interest 
Overall, in my female “choice” experiment there was a high failure to mate among 
hybrid females, consistent with a previous study of F1 hybrids (NAISBIT et al. 2001), and 
variation at the Yb locus was strongly associated with propensity to mate among BC 
females.  Under the same conditions, six individual MP and four CP females were all 
rapidly mated by males of their own species, while of 36 F1 females, 25 remained 
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  FIGURE 4.4 – Female mate choice is associated with the hindwing Yb colour pattern 
locus. Data are counts of female offspring from backcross to Heliconius cydno broods (BC) 
differing at the Yb locus that mated with H. cydno (white), H. melpomene (red), or did not 
mate (black) within three days of introduction to an experimental cage containing twenty 
males of each species. 
 
 
 
 
unmated after three days (4 mated with H. cydno, 7 mated with H. melpomene). Among 
backcross females, 62 of 98 BC females of all genotypes mated with H. cydno and only 
4 mated with H. melpomene; similarly, of 29 BM females, 21 mated with H. melpomene 
and none mated with H. cydno. Those BC females that inherited an allele from H. 
melpomene at the Yb locus were much less likely to mate (P < 0.005; Figure 4.4), while 
there was no significant effect of either the B or Ac loci (results not shown as these 
factors were excluded from the minimum adequate model). Analysis of BC females 
scored at molecular markers revealed no further significant associations with female 
mating outcome, and individuals heterozygous at the Yb locus were still less likely to 
mate (P < 0.05) despite the reduced data set. As the failure to mate represents a 
breakdown of parental behaviour, I cannot use the difference between parental values to 
estimate the strength of the Yb locus effect.  However, using all the available data, the 
Yb locus explained 12% of the variance in mating outcome among BC females.  
 My focal observations revealed that among BM females, H. melpomene males 
were more likely to court individuals homozygous at the Yb locus, expressing the H. 
melpomene yellow hind-wing bar (ybyb), compared to those heterozygous at this locus 
(G = 4.09, P < 0.05). The Yb locus segregates with the N locus, which when 
heterozygous in BM individuals reveals a white or yellow forewing band in addition to 
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 the red (NAISBIT et al. 2003). Differences in male interest between Yb genotypes are 
therefore likely to be due to forewing colour pattern.     
While H. cydno males courted Bb and bb BC females equally, H. melpomene 
males were seven times more likely to court females with the red band (Bb), with the 
relative probabilities of courtship (G = 27.84, P << 0.001) differing significantly with 
respect to female genotype at this locus. In contrast, I found no effect of either the Ac or 
Yb loci on male interest for BC females (Table 4.4). The Yb genotype of BC females 
therefore had no observed effect on male interest, but a significant association with 
female mating outcome (see above), which is most readily explained as an effect of this 
locus on female choice possibly through mate rejection behaviour.  
 
 FIGURE 4.5 – Failure to oviposit is associated with the Ac forewing colour pattern 
locus. White bars represent female offspring from backcross to Heliconius cydno broods 
(BC) that are homozygous at the Ac locus for the H. cydno allele and black bars represent 
heterozygous females at the Ac locus, having inherited an allele from both H. cydno and H. 
melpomene. Data are counts of females that failed to lay eggs. 
 
 
 
Female hybrid sterility is associated with colour pattern  
As expected, all CP (n = 13) and MP (n = 21) females tested laid eggs, and of 20 F1 
females tested 14 laid eggs. With the exception of two individuals, all BM females (n = 
18) laid eggs. Among BC females, there was clear segregation of behavioural sterility 
and those that inherited an allele from H. melpomene at the Ac locus (Acac) more often 
failed to lay eggs after eight days (P < 0.005; Figure 4.5), implying sterility associated 
with this locus.  Segregation of the Ac locus explained 20% of the variance in 
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 oviposition probability of BC females. In contrast to my molecular control loci, the Ac 
retained a significant association with the failure of BC females to lay eggs after 
Bonferroni correction for multiple comparisons (Table 4.5).  
 
 TABLE 4.5 – Counts of sterile and fertile backcross to H. cydno (BC) females that 
differed at molecular control loci (A). The association was recalculated for the Ac locus 
using exactly the same subset of individuals as were scored for each molecular marker, in 
order to confirm that it remained significantly associated with the behaviour on the reduced 
sample size (B). hom  = homozygous for the H. cydno allele; het = heterozygous having 
inherited an allele from H. melpomene  and H. cydno. Probability values are from Fisher’s 
exact tests and are reported after Bonferroni correction across the nine tests. 
 
         
 (A)  Molecular control loci (B) Ac locus (using same data) 
Linkage Group Sterile Fertile   P Sterile Fertile   P 
         
LG02 Hm21  hom. 6 3 > 0.1 0 7 < 0.05 
  het. 3 7  9 3  
LG03 Hm02  hom. 2 5 > 0.1 0 7 < 0.05 
  het. 6 5  8 3  
LG06 RpS14  hom. 7 4 > 0.1 0 7 < 0.05 
  het. 2 6  9 3  
LG11 RpL30   hom. 3 4 > 0.1 0 7 < 0.05 
  het. 6 6  9 3  
LG11 RpL30   hom. 3 4 > 0.1 0 7 < 0.05 
  het. 6 6  9 3  
LG17 RpL21  hom. 2 5 > 0.1 0 7 < 0.05 
  het. 5 4  7 2  
LG18 Ci    hom. 7 2 > 0.1 0 7 < 0.05 
  het. 2 8  9 3  
LG19 Hm16  hom. 5 6 > 0.1 0 7 < 0.05 
  het. 4 3  9 3  
LG20 RpL23a   hom. 5 5 > 0.1 0 7 < 0.05 
  het. 3 5  8 3  
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 DISCUSSION 
Genetic architecture can profoundly influence the process of speciation but empirical 
studies have focused on the genetics of intrinsic hybrid inviability and sterility rather 
than behavioural traits. My experimental results demonstrate pervasive genetic 
associations between ecologically relevant traits that contribute to both pre- and post-
mating isolation. Male preference and female mating outcome are associated with two 
linkage groups that are already known to contain seven of the ten major colour pattern 
loci that distinguish H. cydno and H. melpomene (male preference is associated with the 
Br-B-G linkage group and female mating outcome is associated with the N-Sb-Vf-Yb 
linkage group; NAISBIT et al. 2003). In addition, loci affecting female hybrid sterility 
are associated with a further colour pattern locus situated on a third chromosome. Thus 
my study is significant in reporting physical linkage between multiple ‘speciation 
genes’ that are localized with respect to the rest of the genome. 
Linkage between preference and colour pattern was only detected for the B 
locus, which controls forewing colouration. Not only were males with the red forewing 
band more likely to court H. melpomene females, but my model experiments confirm 
that the preference segregating with the B locus is, at least in part, for colour pattern 
rather than other behavioural or pheromonal cues. Furthermore, these differences 
account for a large proportion of the measured phenotypic difference between the 
parental species (34.7%), implying that whilst there may be other unmapped loci that 
affect male preference, the QTL at the B locus is of major effect. Kronforst and 
colleagues (2006b) have shown a similar association between yellow/white forewing 
colouration and male mate preference for live females in two parapatric members of the 
cydno clade, H. cydno galanthus and H. pachinus, as well as in the polymorphic 
Ecuadorian race H. cydno alithea (CHAMBERLAIN et al. 2009; KRONFORST et al. 2006b). 
The loci studied here are on different chromosomes, such that there is now strong 
evidence for genetic associations between trait and male preference loci on at least two 
distinct chromosomes.  
Female Heliconius can mate soon after eclosion before their wings have fully 
inflated and when there is little opportunity to fend off undesirable suitors, contributing 
to an assumption that assortative mating is largely a result of male choice (e.g. JIGGINS 
et al. 2001b).  However, in my experiments BC females with different Yb genotypes 
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 were courted equally by males, but showed a significant difference in mating outcome. I 
waited until females could fly before introducing them to the experimental cage, such 
that they were able to reject males by spreading their wings and raising their abdomen 
out of the reach of male claspers. Thus, the simplest explanation for the data is that Yb 
genotype influences female choice, although I cannot completely rule out cryptic male 
choice that is not reflected in my observations of male behaviour. Nonetheless, to my 
knowledge, this study represents the first evidence for female choice in Heliconius and 
emphasizes the potential importance it may have for speciation.  
I have also provided novel evidence for sterility associated with a third wing-
patterning locus. Previous studies, including one involving the same races studied here, 
have demonstrated a large Z-chromosome effect on sterility, and in particular a strong 
association between the sex-linked gene Tpi and hatch rate (JIGGINS et al. 2001a; 
NAISBIT et al. 2002; SALAZAR et al. 2005). Naisbit et al (2002) state that in the 
backcross to H. melpomene “sterile females typically laid eggs that did not hatch” and 
sterility was associated with Tpi.  In contrast, “in the backcross to H. cydno, complete 
sterility was usually manifested as a failure to lay eggs” and in this cross there was no 
evidence of a large Z-chromosome effect. Here I demonstrate that female sterility is 
associated with Ac, an autosomal locus.  
Without additional molecular markers, my data do not permit precise genomic 
mapping of QTL; nonetheless, H. cydno and H. melpomene have 21 pairs of 
chromosomes (BROWN et al. 1992) and high rates of recombination (JIGGINS et al. 
2005), such that the association of loci affecting reproductive isolation is very unlikely 
by chance alone (KRONFORST et al. 2006b). The lack of association between traits 
contributing to reproductive isolation and any of my eight molecular control loci further 
supports this. Segregation at the B locus on hybrid male mate preference explains over 
30% of the difference between parental species in mate preference.  For the other traits, 
which involve breakdown of parental behaviours, I used the percentage of phenotypic 
variance explained by colour pattern genotype to estimate the size of the effect.  The 
variance between individuals obviously includes an environmental component, which I 
am unable to quantify and which is likely to be large for behavioural experiments 
conducted in outdoor insectaries.  Thus, my estimates of percentage of phenotypic 
variance explained are a very conservative estimate of the effect size of the loci studied.  
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 Despite this, the percentage of phenotypic variance explained varied from 12% for 
segregation at the Yb on female mating outcome to 20% for the Ac locus on female 
sterility.  
My study contributes to a handful of examples where genetic architecture 
reduces recombination between traits that contribute to reproductive isolation. For 
example, in two species of European flycatcher, genes that influence female preference, 
male plumage and reduced hybrid fitness have been shown to be Z-linked (SÆTHER et 
al. 2007; SÆTHRE et al. 2003); however, theory also predicts the build-up of speciation 
genes on the sex chromosomes for reasons unrelated to persistent gene flow, as 
reviewed by (QVARNSTRÖN and BAILEY 2009). Additional studies have shown 
autosomal associations between a mating trait and mate preference, notably in Hawaiian 
crickets and a previous study in Heliconius (CHAMBERLAIN et al. 2009; KRONFORST et 
al. 2006b; SHAW and LESNICK 2009). Similarly, in two host races of the pea aphid there 
is a genetic association between host preference and host-associated performance, 
which would act to facilitate ecological speciation (HAWTHORNE and VIA 2001).  
These examples involve associations between just one pair of traits at a single 
QTL, but ecological speciation likely proceeds through the accumulation of multiple 
species-specific adaptations. Perhaps the best comparable study of multiple traits 
involved in speciation therefore involves the hybridizing species Drosophila 
pseudoobscura and D. persimilis, where virtually all species differences are controlled 
by genes in fixed inversions between the species (NOOR and COYNE 1996; NOOR et al. 
2001a; NOOR et al. 2001b; WILLIAMS et al. 2001).  In that case, the inversions account 
for a large proportion of the four chromosomes making up the Drosophila genome, 
whilst in contrast my results show localization of genes to three chromosomal regions, 
representing a much smaller proportion of the genome (3/21 chromosomes). Around the 
B locus, there is evidence for reduced recombination across a region of 700kb, which 
might result from a local inversion polymorphism segregating in H. melpomene 
(BAXTER et al. 2008).  Currently I cannot determine whether the associations between 
the loci studied here are due to pleiotropy, tight linkage, inversion polymorphism or 
some other mechanism by which recombination is suppressed. In contrast to 
Drosophila, because Lepidoptera have a large number of chromosomes, even if my trait 
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 loci map to inversions they would still be free to recombine with respect to the majority 
of the genome.  
Whatever the genetic and evolutionary mechanisms responsible, linkage 
between colour pattern and preference loci is likely to have been important during the 
adaptive radiation of Heliconius. In diverging populations, linkage will strongly reduce 
recombination between mimetic wing patterns and mate choice, thereby simultaneously 
promoting ecological and reproductive isolation (KRONFORST et al. 2006b). There are 
two possible explanations for the observed association.  First, allopatric divergence may 
have been followed by contact with gene flow homogenizing species differences across 
much of the genome and leaving only those differences that have accumulated in tightly 
linked regions.  Alternatively, divergence in sympatry could have involved species 
differences accumulating preferentially in linked regions. Regardless of whether or not 
there has been allopatry in the past, my results reveal a genetic architecture that 
facilitates divergence in the face of gene flow. 
Such associations could also promote hybrid trait speciation (JIGGINS et al. 
2008). Several putative examples of hybrid species in Heliconius are proposed to have 
derived from interbreeding between H. cydno and H. melpomene. Furthermore, the 
forewing of the best-supported example, the Colombian species H. heurippa (MAVÁRAZ 
et al. 2006), involves both yellow and red pattern elements controlled by the N and B 
loci, which I show to be linked to loci for female and male preference, respectively (N is 
tightly linked to Yb). Indeed, a recent study (MELO et al. 2008) reveals that H. heurippa-
like males, reconstructed by back-crossing F1 hybrids into H. cydno, are more likely to 
approach and court models of their own colour  pattern than either of the parental 
species suggesting that hybridization could very rapidly lead to pre-mating isolation. 
My results provide a mechanism by which the introgression of colour pattern elements 
would directly lead to assortative mating through linkage of the corresponding 
preference alleles. This offers a potential mechanism for rapid hybrid trait speciation.  
Overall, my results show clustering of ‘speciation genes’ and add to a growing body of 
evidence that genetic architecture can facilitate speciation in the face of gene flow. 
 
 !
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Divergent but coordinated evolution of mate 
recognition systems: No evidence of genetic 
coupling in sympatric Heliconius butterflies 5 
    
A
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 Coordinated shifts in mating cues and response can lead to behavioural 
isolation between emerging species. The efficacy of this process will be 
greatly increased if both traits are under common genetic control but this has 
generally been considered unlikely. Nevertheless, recently it has been 
suggested that mimetic colour pattern in Heliconius butterflies, which is used 
as a mating cue, and the corresponding mating preference may be an example 
of ‘genetic coupling’. Alleles underlying differences in male preferences for 
red patterns between H. melpomene into H. cydno are physically linked to the 
locus responsible for a red/white switch in forewing colouration. Red pattern 
elements are influenced by the homologue of the Drosophila optix gene, 
which is known to influence eye development in fruit flies, suggesting a 
potential dual role in the Heliconius. To test whether trait and preference are 
under common genetic control I introgressed this color pattern locus from H. 
melpomene into H. cydno. After five generations of backcrossing 
standardized mate choice experiments revealed that forewing color and the 
corresponding preference were disassociated. As such the most parsimonious 
explanation is that different mutations control variation in wing colour signal 
and preference response. 
 
 
INTRODUCTION 
Mate recognition systems (MRSs) consist of coordinated signals and responses that lead 
to mating between compatible individuals.  Because individuals that express aberrant 
signals or response behaviours may have difficulty securing a suitable mate, MRSs have 
been expected to be under stabilising selection (BROOKS et al. 2005; BUTLIN et al. 1985; 
NAISBIT et al. 2001). Nevertheless, MRSs clearly do change and examples exist in 
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 which behavioural isolation is the dominant mechanism separating sister-taxa (e.g. 
GRANT and GRANT 2007; MCMILLAN et al. 1997; SEEHAUSEN et al. 2008). It is 
important to note that by referring to the MRS I do not intend any of the connotations 
associated with the ‘recognition species concept’ (COYNE and ORR 2004; PATERSON 
1985), but simply use it as convenient shorthand to describe the complex of traits that 
lead to mating between ‘compatible’ individuals. Thus, although other isolating 
mechanisms can and do separate species (c.f. PATERSON 1985), MRSs can potentially 
maintain the integrity of divergent taxa, and in particular may be important during the 
early stages of speciation. However, although shifts in the MRS can clearly lead to 
premating isolation, and facilitate speciation, a key question concerns the mechanisms 
by which coordinated shifts in both signal and response evolve despite stabilising sexual 
selection (BUTLIN and RITCHIE 1989).  
 Theoretical and empirical studies of speciation often invoke traits under 
disruptive ecological selection that also influence assortative mating (GAVRILETS 2004; 
SERVEDIO et al. 2011). Traits under disruptive ecological selection appear to be used as 
mating cues in a number of taxa including for example Darwin’s finches (PODOS 2001), 
poison-dart frogs (REYNOLDS and FITZPATRICK 2007) and sticklebacks (RUNDLE et al. 
2000), amongst others (e.g. FEULNER et al. 2009; JIGGINS et al. 2001a; LANGERHANS et 
al. 2007; PUEBLA et al. 2007). Similarly, divergent natural selection may act on alleles 
that affect response components of the MRS through sensory drive (e.g. SEEHAUSEN et 
al. 2008). Traits which are controlled by genes subject to divergent selection, and which 
also pleiotropically affect reproductive isolation have been called ‘magic traits’ 
(GAVRILETS 2004; SERVEDIO et al. submitted). Although explicit evidence is limited, 
under this definition ‘magic traits’ appear to be fairly widespread and are probably 
important during ecological speciation (SERVEDIO et al. 2011; see also Chapter 2).  
 ‘Magic trait’ models of speciation reveal a powerful mechanism by which the 
MRS can undergo divergent selection. Nevertheless, if disruptive selection acts on a 
mating cue, speciation still requires divergence in the corresponding preference (and 
vice-versa). Of course, this is true regardless of whether divergence in signal (or 
response) is driven by adaptive processes, as in ‘magic trait’ models, or by drift. Two 
alternative genetic mechanisms can be identified that may allow evolutionary change in 
MRSs without disrupting the coordination of male and female components. Following 
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 Butlin and Ritchie (1989), I refer to these as coevolution and genetic coupling, which in 
essence reflect whether or not variation in the two components of the MRS are 
influenced by separate genetic loci. It is important to note that this distinction is not 
analogous to Felsenstein’s (1981) one and two-allele models of the evolution of 
reproductive isolation. 
 Separate loci, respectively controlling signal and response, may coevolve so that 
divergent selection acting on one, results in a correlated shift in the other. In one 
scenario, evolution in the signal (or response) induces selection on the response (or 
signal) to maximise the efficiency of producing offspring (e.g. efficient mate 
finding)(VON HELVERSEN and VON HELVERSEN 1975a; 1975b). This seems a likely 
mechanism when diverging populations are either spatially or temporally isolated. For 
example, in the Bahamas, mosquito fish inhabiting different, and isolated, ‘blue holes’ 
are exposed to different predator regimes. In response, they have evolved divergent 
body shapes, which are also used as mate recognition cues (LANGERHANS et al. 2007). 
Coordinated divergence of the MRS may be more difficult without spatial or temporal 
segregation because this mechanism relies on selection favouring response behaviours 
tuned to the common signal type, and signals tuned to the common receptor type. Even 
if populations display some spatial segregation, but can still exchange genes, the build 
up of coordinated MRSs may be additionally restricted because recombination will 
break down linkage disequilibrium between alleles for signal and response. Here, the 
probability of speciation via divergent evolution in the MRS may depend on the 
gradient of selection (for a possible example see SEEHAUSEN et al. 2008). Conversely 
gene flow may favour the divergence of the MRS through a coevolutionary process if 
hybrids have reduced fitness (SERVEDIO and NOOR 2003). Although such 
reinforcement-like mechanisms are not normally thought of as coevolution, it is 
appropriate in this context because alleles are fixed at one locus in response to 
divergence at other. Again, however, gene flow will also be destructive as these 
processes will be subject to the same antagonism between selection and recombination 
(FELSENSTEIN 1981; SERVEDIO 2009). Alternatively sexual selection may drive the 
correlated shift in signal and preference (LANDE, 1982). Of course, different 
mechanisms might act at different stages of divergence as we have suggested previously 
for Heliconius speciation (Chapter 3). 
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  The alternative to coevolution is genetic coupling. Here rather than signal and 
response being controlled by alleles at separate genetic loci both aspects of the MRS 
have a common genetic basis (ALEXANDER 1962). The important point is that the same 
causative mutation(s) that underlie variation in signal production also underlie variation 
in the response to that signal. Genetic coupling is expected to permit particularly rapid 
divergence in the MRS because, in contrast to coevolution, it only requires fixation of a 
single mutation. In addition, genetic coupling is obviously immune to the problem of 
recombination, and could lead to pre-mating isolation even when gene flow is 
considerable. If signal or response is under divergent natural selection, genetic coupling 
will drive rapid speciation as individuals that have the same alleles for a trait under 
disruptive selection will form isolated mating pools. This is effectively identical to what 
Maynard Smith (1966), in his classic paper on sympatric speciation, refers to as 
‘pleiotropism’. Similarly, although intended to include a broader array of phenomena 
that can lead to assortative mating (such as divergent selection on flowering time in 
plants), genetic coupling involving a trait under disruptive natural selection would be 
considered ‘pleiotropic assortment traits’ or ‘automatic magic traits’ in the terminology 
of Jiggins et al. (2004b) and Servedio et al. (2011), respectively.  
  Despite its clear potential to facilitate speciation, genetic coupling between 
components of the MRS has long been considered unlikely and direct empirical 
evidence remains limited (BUTLIN and RITCHIE 1989; but see FUKAMACHI et al. 2009; 
MARCILLAC et al. 2005; MAYNARD SMITH 1966). Recently however, empirical evidence 
has emerged suggesting that single mutations can simultaneously influence signal and 
response during sexual communication. A single mutation in the desat1 gene of D. 
melanogaster simultaneously affects the emission and perception of pheromonal signals 
(MARCILLAC et al. 2005). Similarly, using mutant strains and transgenic manipulation 
Fukamachi et al. (2009) have shown in medaka fish that males with a mutation in the 
Sla gene prefer females with that same mutation. Both these studies concern 
intraspecific variation and mutations that are unlikely to exist in nature. Indeed, 
Fukamachi et al. (2009) concede that medaka males do not discriminate against 
heterospecific females, even though hybrid sterility is strong. So whilst these 
experiments demonstrate that genetic coupling can exist, they say very little about 
whether it is likely to play a major role in divergent evolution.  
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  Most well studied examples of ecological speciation lack the sophisticated 
genetic resources available in Drospophila and medaka fish. Nonetheless, recently a 
few authors have suggested that genetic coupling may be important during adaptive 
radiation. This has stemmed from the surprising fact that physical associations between 
loci underlying mating cues and preferences have been observed across a handful of 
taxa (CHAMBERLAIN et al. 2009; KRONFORST et al. 2006a; PRYKE 2010; SAETHER et al. 
2007; SHAW and LESNICK 2009; WILEY and SHAW 2010: Chapter 4). Prominent 
amongst these is a study of Hawaiian crickets: Multiple quantitative trait loci (QTL) 
underlying interspecific variation in song have been shown to predict female preference 
for song (SHAW and LESNICK 2009; WILEY and SHAW 2010). Genetic coupling would 
arguably explain these associations and provide a functional explanation for the 
extremely rapid speciation observed in this group (MENDELSON and SHAW 2005; WILEY 
and SHAW 2010). 
 A role for pleiotropy has also been suggested for speciation in the Neotropical 
genus Heliconius. These butterflies are well known for bright colour patterns, which are 
under frequency dependent selection imposed by predation (KAPAN 2001; MALLET and 
BARTON 1989; Chapter 2). Colour patterns are also used by males to recognise potential 
mates: Experiments with paper models have shown that males prefer to court 
individuals that share their own colour pattern rather than those of closely related 
species (JIGGINS et al. 2004a; JIGGINS et al. 2001a; KRONFORST et al. 2006b; MAVÁREZ 
et al. 2006; MUÑOZ et al. 2010). Thus, shifts in colour pattern, which are controlled by 
just a few Mendelian loci, will simultaneously influence both pre-mating and post-
mating isolation (JIGGINS et al. 2001b). 
 Three separate studies have now demonstrated that loci underlying differences 
in colour pattern between Heliconius taxa and the corresponding male mate preference 
are physically associated in the genome (CHAMBERLAIN et al. 2009; KRONFORST et al. 
2006b; Chapter4). To explain this, Kronforst and colleagues (2006b) have proposed that 
both traits could be under common genetic control. Although they concede that this 
might be unlikely in general, the two components of the Heliconius MRS may be 
predisposed to such pleiotropy: Heliconius wing patterns are produced from 
ommochrome pigments and these pigments are also present in insect eyes, where as 
screening pigments they might conceivably influence spectral sensitivity and signal 
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 reception.  More recently, this hypothesis has gained further credence with the 
identification of candidate genes modulating red patterns in Heliconius through genetic 
mapping, association and expression studies (BAXTER et al. 2010; COUNTERMAN et al. 
2010; REED et al. submitted). The strongest of these candidates is the homologue to the 
Drosophila homeotic gene optix.  This gene shows the strongest genotype x phenotype 
association of any candidate locus and its expression perfectly prefigures areas of the 
wing fated to be red (REED et al. submitted). Notably, in Drosophila, optix plays a 
critical role in eye development (SEIMIYA and GEHRING 2000). 
 Physical linkage of genes that influence reproductive isolation can impede 
recombination, slowing the breakdown of linkage disequilibrium, and so facilitate 
speciation despite gene flow (FELSENSTEIN 1981; SERVEDIO 2009). Previously, I have 
demonstrated that among second generation (backcross) hybrids of H. melpomene and 
H. cydno, male preference for red patterns is associated with the locus responsible for 
the red forewing band (Chapter 4). The dual role of ommochrome pigments in 
Heliconius butterflies, and the accumulating evidence that optix plays a key role in the 
development of red pattern elements, suggests that genetic coupling is a realistic 
hypothesis for divergence in the Heliconius MRS (KRONFORST et al. 2006a; REED et al. 
submitted). However, as noted by Butlin and Ritchie (1989) over twenty years ago, 
‘many generations [of backcrossing] may be necessary to distinguish pleiotropy 
(=coupling) from close linkage (which may be the result of coevolution)’. If the same 
genetic locus controls variation in both signal and response, genetic variation at one 
should predict the other, regardless of the number of generations of introgression. Here I 
report the results of just such an experiment, designed to directly test whether genetic 
coupling has played a role in the divergent but coordinated evolution of signal and 
preference response between H. melpomene and H. cydno.  
 
MATERIALS AND METHODS 
Study species, collection, crossing design and colour pattern introgression 
Breeding stocks of Heliconius cydno chioneus and Heliconius melpomene rosina were 
maintained in insectaries located in Gamboa, República de Panamá (9 87.49N, 79 
842.29W, elevation 60m). These were established, and supplemented, with individuals 
caught in the local area and the nearby Soberanía National Park. Teneral female H. 
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 cydno from these stocks were presented to mature H. melpomene males to obtain F1 
hybrids (the reciprocal cross is very difficult to achieve). Among backcross individuals, 
heterozygotes at the B locus (Bb) have a red forewing band (as observed in H. 
melpomene) whereas homozygous individuals (bb) lack this. At each generation 
heterozygous (Bb) males were crossed to wild type H. cydno (bb) females (Figure 5.1). 
Crosses were achieved by releasing one to two day old virgin H. cydno females into a 
cage with a number of suitable (red, Bb) males, thereby selecting for recombinant males 
as fathers of the subsequent generation.  
Male preference experiments 
I tested sons from the 4th backcross generation (brood C135) in standardised choice 
trials (Chapters 3 & 4). In brief, males were introduced into experimental cages 
(1x1x2m) with a virgin female of each species (0-10 days matched for age). Fifteen-
minute trials were divided into one-minute intervals, which were scored for courtship 
(sustained hovering or chasing) directed towards each female as having occurred (1) or 
not occurred (0). Accordingly, if a male courted the same female twice within a minute 
interval it was recorded only once; if courtship continued into a second minute it was 
recorded twice. Where possible, trials were repeated for each male, producing 
individual scores of total courtships directed towards females of each species. Because 
my ability to reject the genetic coupling hypothesis relied on data from ‘red’ (Bb) males 
experimental effort was concentrated on these individuals (Table 5.1). The relative 
probability of male courtship directed towards H. melpomene rather than H. cydno 
females was estimated with likelihood, as in Chapter 4. The likelihood function was  
 
ln(L) = ∑[mi ln(P1j) + ci ln(1-P1j)] 
  
where mi = the total number of courtship events by male i directed towards H. 
melpomene, ci = the total number of events by male i directed towards H. cydno, P1j = 
probability of males of genotype j performing behaviours directed towards H. 
melpomene. Probabilities of male courtship were estimated by numerically searching for 
values of P1j that maximised ln(L), using the solver option in EXCEL (Microsoft). 
Support limits, asymptotically equivalent to 95% confidence intervals, were obtained by 
searching for values that decreased ln(L) by two units (EDWARDS 1972).  
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 Identifying recombination across the B locus candidate region 
To determine whether recombination had occurred during introgression, I sequenced 
genes across the B locus candidate region. I searched for informative ‘species-specific’ 
single nucleotide polymorphisms (SNPs) that differed between the H. melpomene father 
of the original interspecific cross and all the H. cydno mothers included in the 
introgression line (Figure 5.1). All brood parents, with one exception, were collected, 
their wings removed and their bodies preserved in 20% DMSO, 0.2 M EDTA salt 
saturated solution. The mother of brood c84 was not preserved because she was eaten 
by ants before she could be collected. Genomic DNA was extracted using DNeasy 
blood and tissue kit (Quiagen). Although a number of marker loci were sequenced, clear 
informative ‘species-specific’ SNPs were found in only three gene sequences: 
Karmoisin, GPCR and Rab-39b. PCRs for these markers contained 10-50ng DNA, 1 x 
reaction buffer, 2.0 mM MgCl2, 0.1 mM dNTP, 50pmol of each primer, 0.25 units of 
Taq polymerase (Bio-Line). Thermal cycling conditions were 94ºC 1 min, 35 cycles of 
94ºC 15 sec, annealing 30 sec, 72ºC 60 sec, and a final extension of 72ºC. Prior to 
sequencing, products were incubated with 2 units of Exonuclease 1 (NEB) and 1 unit of 
Shrimp Alkaline Phosphatase (Fermentas) for 40 minutes at 37ºC then 80ºC for 20 
minutes. Sequencing was performed in 10 ml reactions using 1–3 ml of template, 1 x 
reaction buffer, 1ml BigDye terminator v3.1 (Applied Biosystems) and 0.32 pmol 
primer and run in a thermal cycler for 25 cycles of 95ºC 30 seconds, 50ºC 20 seconds, 
60ºC 4 minutes. Products were then sequenced using an ABI3730 capillary sequencer 
and analyzed using CodonCode Aligner software. SNPs were identified manually. 
 
RESULTS  
Although a total of only twelve individuals were tested, the behaviour of the males from 
brood c135 did not differ significantly from that of pure H. cydno males (Figure 5.1). 
This was true regardless of genotype at the B locus. The relative probability of male 
courtship directed towards H. melpomene rather than H. cydno females for ‘red’ (Bb) 
males was 0.014 (+ 0.06, -0.01) and for ‘white’ (Bb) males was 0.11 (+0.15, -0.09), 
though with such small sample sizes these estimates are necessarily crude. Nevertheless, 
of 71 courtship events recorded from 6 “red” (Bb) males, only one was directed towards 
a H. melpomene female (Table 5.1). This provides strong evidence that trait and 
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 preference are not under common genetic control. ‘Species-specific’ SNPs identified in 
the sequences of Karmoisin, GPCR and Rab-39b, revealed no evidence for 
recombination across the B locus candidate region (Figure 5.2), representing a region of 
around 8.5cM or approximately 1500kb.  
 
 
 
 TABLE 5.1 – Courtship events directed towards Heliconius cydno and H. melpomene 
females by individuals included in male preference experiments. All males were from 
brood c135, in which the presence (Bb) and absence (bb) of the H. melpomene red 
forewing band segregates. Trials lasted 15 minutes each at the start of which male hybrids 
were introduced into choice cages with a female of both parental species. 
 
     
   Courtship events towards 
Individual Genotype Number of trials H. cydno H. melpmene 
     
1808 Bb (red) 5 17 0 
1820 Bb (red) 5 21 0 
1823 Bb (red) 5 22 0 
1800 Bb (red) 4 2 1 
1889 Bb (red) 3 5 0 
1904 Bb (red) 3 3 0 
Total  25 70 1 
     
1806 bb (white) 5 11 1 
1785 bb (white) 1 0 2 
1866 bb (white) 2 3 0 
1899 bb (white) 2 2 0 
1902 bb (white) 2 2 2 
1886 bb (white) 1 5 0 
Total  13 23 5 
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FIGURE 5.1 – The genetic association observed between forewing colour and the 
corresponding male preference in first generation backcrosses is lost after multiple 
generations of introgression. (A) Crossing design to introgress alleles from the B locus, 
which controls the presence (BB or Bb) and absence (bb) of a red forewing band, from H. 
melpomene into H. cydno. (B) The probability of courting H. melpomene females by hybrid 
males that have the red forewing band (Bb, red squares) and those that do not (bb, white 
squares): i) Male mate preference is associated with forewing colour pattern in first 
generation backcross hybrids (data from Chapter 4); ii) this association is lost after 
introgressing alleles at the B locus from H. melpomene into H. cydno over multiple 
generations. Probabilities were calculated using likelihood, where 1 would indicate a 
complete preference for H. melpomene females and 0 a complete preference for H. cydno 
females. Dashed lines represent the probabilities of courting live H. melpomene females 
for H. melpomene (MP) and H. cydno (CP) males (data from Chapter 4). Support limits are 
asymptotically equivalent to 95% confidence intervals and were obtained by searching for 
values that decreased ln(L) by two units. 
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  FIGURE 5.2 – No evidence of recombination across the B candidate region after four 
generations of backcrossing with wild type H. cydno. Schematic diagram of the B locus 
candidate region is adapted from Baxter et al. (2010).  
 
 
 
 
DISCUSSION 
Common genetic control of signalling traits used during mate recognition and the 
choice, or recognition, of such traits would facilitate speciation.  However, such 
pleiotropy has been considered biologically unrealistic (BOLNICK and FITZPATRICK 
2007; BUTLIN and RITCHIE 1989; MAYNARD SMITH 1966). In crossing experiments with 
Heliconius melpomene and its sister species H. cydno, I have previously shown that the 
B locus, which controls for the presence and absence of the red forewing band observed 
in H. melpomene, is physically associated with male mate preferences for red patterns 
(Chapter 4). Here, I have extended this study and introgressed the alleles from H. 
melpomene at the B locus over several generations into the genetic background of H. 
cydno. After just five generations of backcrossing to H. cydno, we detected no 
association between forewing colour and male preference. Only six ‘red’ (Bb) males 
were available to test; however, of 71 courtship events recorded for these individuals, 
only one was directed towards a H. melpomene female (Table 5.1). These data provide 
strong evidence that signal and response are under separate genetic control.  
 Although my results discount the possibility of genetic coupling per se, it is still 
possible that the same gene(s) may still influence both morphology and behaviour, 
albeit in a less straightforward manner. In particular, the recent demonstration that a 
gene important in compound eye development also plays a key role in the development 
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 of red wing-patterning elements in Heliconius is hard to ignore (REED et al. submitted). 
One possibility is that optix (or another gene in the HmB candidate region, BAXTER et 
al. 2010) does indeed affect both signal and response but that expression in the relevant 
tissues is controlled by different regulatory elements. However, if the causative 
mutation affecting male preference is a regulatory element of optix, or another gene in 
the B candidate region, sequence analysis across the B locus candidate region suggests it 
is surprisingly far away. Of the three genetic loci that were genotyped, two flank the 
optix gene and represent a region of approximately 100 kb that encompasses the region 
of divergence between wing pattern races and seems the most likely region for 
divergence of optix enhancer sequences regulating wing patterning (BAXTER et al. 2010; 
NADEAU et al. in press).  The third locus, karmoisin, lies approximately 8.5 cM to the 3’ 
end of optix.   Therefore, it is plausible that a 5’ regulatory element of optix might 
influence mate selection, but the evidence so far suggests that this is not the same 
genetic mutation as those influencing wing patterning  (Figure 5.2).  
A further caveat concerns the method by which we obtained crosses at each 
generation of the introgression line. By presenting virgin H. cydno females with 
multiple hybrid males it is possible that I was inadvertently selecting for H. cydno 
preference alleles at other loci across the genome, and that this selection masked the 
effects of the B locus on the preference response. However, as we have previously 
shown that the B locus accounts for ~35% of the measured phenotypic difference 
between parental species, it seems unlikely that such selection could completely 
eliminate any effect of B locus introgression (Chapter 4). 
Genotype by phenotype associations suggest that the causative mutations 
underlying variation in red wing colour pattern elements are largely situated in a 
window of just a few kilobases around optix (REED et al. submitted). However, this is 
not the case for all red patterning elements, and conceivably for the behaviour studied 
here as well. Although in situ experiments imply an important role for optix in the 
development of Heliconius red patterning elements (Figure 2b in REED et al. 
submitted), these elements do segregate in genetic crosses (MALLET 1989; NAISBIT et 
al. 2003). For example, the Br locus has been mapped to approximately 26cM from B 
(CHAMBERLAIN et al. 2011), even though optix perfectly prefigures the brown oval 
pattern and the red forewing band, which are controlled by Br and B respectively 
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 (Figure 2b in REED et al. submitted). These results suggest that the Br locus is either an 
additional gene upstream in the optix pathway, or a cis-regulatory region affecting optix 
expression. The latter provides a developmental explanation for linkage between co-
adapted loci, such as those controlling mimetic colour pattern elements or components 
of the MRS, which might slow their disassociation when gene flow persists.  
Despite all this, the most parsimonious explanation for my data remains that 
separate gene networks, and certainly separate mutations, control variation in wing 
colour signal and preference response. Kronforst and colleagues (2006a) have 
performed the only quantitative trait locus (QTL) analysis using molecular markers of a 
Heliconius behaviour to date. They reveal linkage between loci for male preference and 
the K locus, which controls the yellow/white forewing switch between H. cydno and H. 
pachinus. However, small sample sizes permit only a very low resolution QTL to be 
identified (~20cM) (only 29 F2 individuals were tested, c.f. SLATE 2005). Preference is 
also associated with the K locus in an Ecuadorian population of H. cydno polymorphic 
for forewing colouration (CHAMBERLAIN et al. 2009). Although the majority of 
individuals used in this study were captive bred, the association holds for wild caught 
individuals (Marcus Kronforst, personal communication). Considering the increased 
potential for recombination, this seems to imply very tight linkage between the two 
traits. However, such an association between distinct loci might be maintained by an 
inversion polymorphism such as that associated with wing polymorphism in H. numata 
(Joron et al., in press). Consequently, the suggestion that the same genes control both 
wing colouration and preference in Heliconius may be premature. 
Outside Heliconius,  ‘evidence’ for a role of genetic coupling during speciation 
relies on genetic associations observed in interspecific hybrids. The discovery that QTL 
underlying variation song and song preference between two species of Hawaiian cricket 
are co-localised has also been suggested as a potential case of genetic coupling (SHAW 
and LESNICK 2009; WILEY and SHAW 2010). In particular, by measuring song produced 
by sons and the preference of daughters, Wiley and Shaw (2010) demonstrate a 
remarkably tight association between these traits across second-generation families. 
Many rhythmic behaviours in animals, including cricket song and song recognition, are 
under control of circuits of neurons known as ‘central pattern regulators’ providing an 
obvious functional explanation of how variation in both signal and response might be 
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 under common genetic control – and which might account for the observed association. 
Nevertheless, this remains speculation as once again the resolution of these studies is 
low, presenting ample opportunity for a number of genes to be incorporated within a 
single QTL. Signal and response have also been shown to be associated as result of sex 
linkage. This is the case for plumage colouration and female preference in European 
flycatchers (SAETHER et al. 2007; SAETRE and SAETHER 2010) and Gouldian finches 
(PRYKE 2010). However, there are a number of reasons to expect sex linkage of 
divergent traits (reviewed in QVARNSTRÖM and BAILEY 2009), and there is little reason 
to suspect pleiotropy in these examples. Elsewhere, evidence for genetic coupling, or 
even linkage of signal and response, between taxa is negative (see also BUTLIN and 
RITCHIE 1989; FU et al. 2005; SLUIJS et al. 2010). Thus, evidence for genetic coupling 
playing a major role in speciation is limited. 
Physical linkage between colour pattern and preference response has likely 
played an important role in Heliconius speciation. Even positioning of relevant loci on 
the same chromosome will slow the breakdown of linkage disequilibrium between 
components of the MRS if gene flow persists, easing the speciation process (SERVEDIO 
2009). Overall my results imply that the evolution of divergent MRSs in H. melpomene 
and H. cydno involved the fixation of at least two separate mutations which are linked 
but not adjacent. In addition, the disassociation of the forewing signal and preference 
response also argues against a genomic inversion playing a major role (BUTLIN 2005; 
HOFFMAN and RIESEBERG 2008).  
If not genetic coupling, or genomic inversion, how did the association between 
signal and response evolve? One possible answer is that because recombinants are 
likely to be selected against (they are more likely to produce hybrid offspring) unlinked 
loci from around the genome might be gradually moved into tighter linkage. However, 
not only would this mechanism rely on indirect selection, which is generally considered 
weak, but intermediary steps would provide little advantage. More likely is that only 
loci already in close linkage are recruited to coordinate the different aspects of the 
MRS. These loci could conceivable represent multiple regulatory regions of a single 
gene, or several linked and functionally related genes. In this respect optix maybe a 
good candidate, though currently, implicating a functional role for any particular gene 
in Heliconius behaviour seems premature. Associations between male preference and 
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 other colour pattern loci (CHAMBERLAIN et al. 2009; KRONFORST et al. 2006b), as well 
as the association of other traits such as sterility and host-plant acceptance  (Chapter 4; 
Chapter 6) warrant a more general explanation.  
One explanation for clustering of adaptive traits like this may involve 
‘divergence hitchhiking’ (VIA and WEST 2008). Genetic clusters of co-adapted traits, 
similar to those observed in Heliconius, have been observed elsewhere. For example, in 
Helianthus sunflowers QTL affecting mineral ions uptake and/or survivorship are 
clustered (LEXER et al. 2003); in the pea aphid, QTL controlling host plant-specific 
fecundity and host-plant choice co-map in four different genomic regions (HAWTHORNE 
and VIA 2001); and in Mexican tetra fish, multiple adaptations to a cave dwelling 
lifestyle cluster within the same genomic regions (PROTAS et al. 2008). Genomic 
‘islands’ of divergence centred on colour pattern loci have been detected between 
Heliconius taxa (NADEAU et al. in press). Inferred regions of differentiation across a 
colour pattern hybrid zone (between H. melpomene amaryllis and H. m. aglaope) are 
surprisingly small (between 400 and 600kb) and it would be surprising (though not 
impossible) if the hypothesised mate preference locus studied here was located within 
this window. Nevertheless, divergent preferences are weak and there is as yet no 
evidence that they are linked to colour pattern in these races (Chapter 3). Furthermore, 
there is some evidence that the ‘island’ of divergence observed at the B locus may 
expand as speciation proceeds (NADEAU et al. in press). The accumulation of loci for 
mating preferences might simultaneously rely on and accelerate this process. 
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Autosomal inheritance of host-use differences 
between sympatric Heliconius sister species 
 
6 
    
A
B
ST
R
A
C
T
 Genetic architecture can have a profound effect on the evolution of 
reproductive and ecological isolation. As a result case studies of ecological 
speciation have focussed on the genetics of a few key traits, but a more 
realistic view of the speciation process involves multiple axes of 
diversification. Heliconius butterflies are famous for their diverse mimetic 
colour patterns that are also used as mate recognition cues. However, 
sympatric species pairs also tend to differ in host-plant use and it seems this 
may be important for coexistence. Here I investigate the genetic basis of 
differences in host-plant use between the sympatric sister species Heliconius 
cydno and H. melpomene. In contrast to almost all other known examples in 
Lepidoptera, differences in host-plant use are not sex-linked in these taxa. In 
addition, an albeit not quite significant trend between host-plant use and 
colour pattern among intraspecific hybrids suggest that major loci underlying 
these two important ecological traits are physically linked in the genome. 
 
 
INTRODUCTION 
Speciation without geographical isolation must overcome two fundamental constraints 
(COYNE and ORR 2004). The first is the antagonism between selection and 
recombination: Specifically, if gene flow persists, recombination will break down the 
genetic associations between alleles that characterise emerging species and cause 
reproductive isolation (FELSENSTEIN 1981). The second concerns the ecological 
coexistence of taxa during and after the evolution of reproductive isolation. The 
problem of coexistence is implicitly addressed in models of ecological speciation, 
where barriers to gene flow evolve as a result of ecologically-based divergent selection 
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 (RUNDLE and NOSIL 2005); for example, where traits under disruptive selection also 
contribute to non-random mating, as has now been suggested for a number of taxa 
(GAVRILETS 2004; SERVEDIO et al. in press). In this way, genetic associations that 
permit accumulation of reproductive isolation, and the ecological differences that permit 
coexistence can arise simultaneously. 
In response to the interest in ecological speciation, there is a drive to 
characterise the genetic changes that underlie traits that contribute to reproductive and 
ecological isolation. An understanding of the genetic basis of such traits is critical to 
understanding how they evolved. Genetic case studies of ecological speciation have 
largely addressed a few key traits that appear to be important (e.g. ABZHANOV et al. 
2006; HAWTHORNE and VIA 2001; SAETHER et al. 2007; SHAW and LESNICK 2009), but 
a more realistic view of the speciation process involves multiple axes of diversification. 
Indeed, selection on a greater number of traits arguably promotes completion of the 
speciation process (NOSIL and HARMON 2009; NOSIL et al. 2009). In addition, 
speciation may proceed through various ‘stages’ of divergence  – perhaps characterised 
by different geographical contexts – and the mechanisms responsible for reproductive 
and ecological isolation during one stage may be insufficient in another (Chapter 2; 
HENDRY et al. 2009; NOSIL et al. 2009). Finally, divergence in some traits may permit 
divergence in others as part of a positive feedback process (RICE and HOSTERT 1993). 
Selection on one trait may allow other traits under weaker selection to diverge – this 
might be due to hitchhiking, or perhaps a general reduction in gene flow if divergence 
in the original trait results in partial reproductive isolation. 
Among phytophagous insects, and butterflies in particular, host-plant use is 
clearly an important niche axis influencing adaptive radiation (BUSH 1969; EHRLICH 
and RAVEN 1964; FORDYCE 2010; JANZ et al. 2006). For example, in Heliconius 
butterflies, the ability to exploit passion vines, on which all Heliconiini larvae feed  
(mostly on the genus Passiflora), and which are defended by an array of toxic 
cyanogeneic glycosides, seems to have presented great ecological opportunity (TURNER 
1981). These butterflies are well known for bright colour patterns which are under 
frequency dependent selection for Müllerian mimicry and which are also known to be 
used in mate recognition (KAPAN 2001; MALLET and BARTON 1989). Changes in colour 
pattern, whether the result of selection for mimicry or not (see JIGGINS 2008; MALLET 
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 2009), coupled with parallel shifts in the corresponding mate recognition behaviours, 
are undoubtedly an important aspect of Heliconius divergence. Nevertheless, it is clear 
that colour pattern differences alone are insufficient to facilitate the evolution of ‘good’ 
sympatric species (JIGGINS et al. 1997; MALLET et al. 1998).  
Coexistence of Heliconius species within a community appears to be intimately 
linked to the utilisation of available habitats and Passiflora hosts. For example, the 
failure to evolve host-use differences appears to have forced H. erato and its sister 
species H. himera to remain geographically separate, despite other differences in 
mtDNA, colour pattern and mating preferences (JIGGINS et al. 1997; MCMILLAN et al. 
1997a). Similarly, despite strong assortative mating, the hybrid species H. huerippa 
replaces rather coexists with its putative parental species, H. cydno, with which it is, in 
all but colour pattern, ecologically equivalent (MAVÁRAZ et al. 2006). Heliconius taxa 
that utilise more forested habitats, where suitable Passiflora shoots are sparse tend be 
host-plant generalists (e.g. H. cydno or H. numatai) or specialise on large canopy vines 
(e.g. H. sapho or H. doris), strategies that may be permitted by the lower diversity of 
competitors in these habitats. In more open habitats Pasiflora species seem to be loosely 
partitioned between Heliconius ‘specialists’ (Table 5.1) (NAISBIT 2001), and in general 
diversity of Heliconius is positively correlated with the number of local Passiflora 
species (THOMAS 1990).  
Thus, without further ecological divergence, it seems that taxa are unlikely to 
proceed past the establishment of parapatric colour pattern races, though it should be 
noted that strong pre-mating, and to a lesser extent post-mating, isolating barriers have 
been observed in such cases (KRONFORST et al. 2006b; MCMILLAN et al. 1997a; 
MUÑOZ et al. 2010). Indeed, the recent discovery of Heliconius cryptic species, such as 
H. timereta florencia in Columbia, implies that colour pattern differentiation may not 
always be a necessary phase in speciation (GIRALDO et al. 2008a; MALLET 2009). 
Notably, H. timereta florencia and its sympatric, and unusually, closely related co-
mimic H. m. malleti show striking differences in host-use (GIRALDO et al. 2008b). 
Nonetheless, as H. melpomene group species do not mate on or near their host plants, it 
seems unlikely that divergence in host use directly causes reproductive isolation, but is 
rather a necessary prerequisite for coexistence.  
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 Despite the potential significance of changes in host-plant use during the 
Heliconius radiation, very little is known about its genetic basis (but see NAISBIT 2001). 
Here, I begin to address this gap and investigate host-plant use in hybrids between two 
sympatric Heliconius sister species, which differ in their degree of host specialisation. 
In particular, I study H. cydno, which lays eggs on a broad array of available Passiflora 
species and H. melpomene, which in Panama, where I conducted my study, uses only a 
single species of Passiflora. In contrast to most studies in Lepidoptera, where sex 
linkage is common, my experimental results reveal that host-use differences in these 
species have an autosomal basis. In addition, they suggest that a locus with major effect 
on this behavioural shift is physically linked to mimetic colour pattern. 
 
 TABLE 6.1 – Host-plant use by wild Heliconius. Data represent counts of eggs and 
larvae on Passifora plants from collections in Gamboa (987.40 N, 79842.20 W, elevation 
60 m) and the nearby Soberańıa National Park, Panama. Passiflora species codes: MEN 
P. menispermifolia; AMB P. ambigua; NIT P. nitida; VIT P. vitifolia; AUR P. auriculata; COR 
P. coriacea; BIF P. biflora; TRY P. tryphostemmatoides; FOE P. foetida. Superscript 
denotes subgenus: GGranadilla; DDistephana; P Plectostemma; TTryphostemmatoides; 
DyDysosmia (from Naisbit, 2001). 
 
         
  MENG AMBG NITG VITD AURP CORP BIFP TRYT FOEDy 
           
H. cydno  14 1 9 15 19 - - - - 
H. melpomene  146 - - 1 1 - - - - 
H. hecale  4 - 2 126 1 - - - - 
H. erato  - - - - 3 13 12 - - 
H. ismenius  - 11 - - - - - - - 
H. hecalesia  - - - - - - 2 1 - 
H. sara  - - - - 46 - - - - 
   
MATERIALS AND METHODS 
Butterfly species, collection and crossing design  
Heliconius cydno and H. melpomene are sympatric across much of Central and northern 
South America, though H. melpomene also occurs in isolation in other parts of South 
America. Although hybrids are very rare in nature, ongoing rates of gene flow remain 
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 significant (Bull et al. 2006; Kronforst et al. 2006a). In addition to mimetic colour 
pattern, and associated mating preferences, the two species also differ in habitat use in 
regions of sympatry (Jiggins et al 2001, Estrada and Jiggins 2002; Smiley 1978): In 
Panama, H. cydno chioneus is normally found in closed forest habitats and mimics the 
black and white pattern of H. sapho; H. melpomene rosina, on the other hand, occurs in 
secondary forest and mimics the black, red and yellow pattern of H. erato. Interspecific 
female hybrids are sterile following Haldane’s rule (Naisbit et al. 2002). 
Field surveys of wild Heliconius eggs and larvae in Panama confirm that H. 
melpomene rosina is virtually a complete specialist on Passiflora menispermifolia 
whereas H. cydno chioneus females use a broad range of Passiflora species (NAISBIT 
2001; summarised in Table 1). Stocks of H. cydno and H. melpomene were established 
from individuals collected from Gamboa (987.40 N, 79842.20 W, elevation 60 m) and 
the nearby Soberańıa National Park, Panama, and maintained in insectaries located in 
Gamboa. These were used to obtain F1 hybrids (H. cydno mother x H. melpomene 
father). Because F1 females are sterile (NAISBIT et al. 2002a), backcross hybrids were 
achieved by mating F1 males to H. cydno and H. melpomene females (BC and BM 
individuals, respectively). Larvae were raised individually on P. biflora and P. edulis. 
These plants were used to raise larvae as they are easy to cultivate. In addition, by using 
these hosts, rather than either P. menispermifolia or P. viifolia, I was able to control for 
the affects of any cues detected as larvae that may later affect host-choice. 
 
Host-preference experiment  
Mated females were maintained in choice cages (approximately 1x2x2m). Passiflora 
menispermifolia and Passiflora vitifolia, with fresh shoots for oviposition, were rotated 
daily through choice cages. Thus individual females were presented with P. 
menispermifolia and Passiflora vitifolia on alternative days and never experienced the 
same individual plant twice. Eggs were collected and numbers recorded daily. Data for 
analyses of host-preference were the numbers of eggs found on P. menispermifolia and 
P. vitifolia for an even number of days after and including that on which the female 
started to lay. Mean number of eggs laid per day by backcross to H. cydno females was 
3.52, such that egg density was similar to that seen in the field where single shoots often 
host 3-4 H. cydno eggs (personal observation). 
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 Scoring colour pattern loci  
Differences in wing colour pattern between H. cydno and H. melpomene are controlled 
by as few as 10 Mendelian loci, clustered on four chromosomal linkage groups, 
permitting a crude quantitative trait loci (QTL) analysis using segregation of phenotypic 
traits as genetic markers (see Chapter 4).  I scored BC females for colour pattern loci 
following Naisbit et al. (2003; Figure 4.1): individuals were scored at the B, Ac and Yb 
loci. Individuals heterozygous at the B locus (Bb) have a red forewing band (as 
observed in H. melpomene), whereas homozygous individuals (bb) lack this. The Ac 
locus also segregates in this cross resulting in the presence (acac) or absence (Acac) of 
the white hourglass shape observed in the forewing cell of H. cydno. The partially 
dominant Yb locus, which controls the expression of the yellow hind-wing bar seen in 
Panamanian races of H. melpomene (ybyb), segregates so that heterozygous individuals 
(Ybyb) show a shadow of the bar formed by melanic scales with altered reflectance and 
can be distinguished from homozygous individuals (YbYb). Further colour pattern loci 
also segregate in BC individuals but these were not included in our analysis as wing 
wear meant they could not be scored with confidence. However, as these are all tightly 
linked to either the B or Yb locus, and only a relatively small number of individual 
females were tested, it is unlikely their inclusion would greatly enhance the analysis.  
 
Statistical analysis 
To test for genetic association between colour pattern loci and host-preferences I used 
generalized linear models (GLMs) with quasibinomial error distribution (because the 
data were over-dispersed). To test for additive effects of colour pattern chromosomes, 
models were first fitted with all colour pattern loci as explanatory variables (B, Ac, and 
Yb loci). Model simplification resulted in a minimum adequate model (MAM) with a 
single explanatory variable and significance was tested with F-tests. 
 
RESULTS 
Host-preference data for female genotype classes is summarised in Table 6.2.  As 
expected, H. cydno females laid eggs on both species of Passiflora, whereas H. 
melpomene females only laid on P. menispermifolia. Of the 14 F1 females that laid eggs 
(from a total of 20), nine only used P. menispermifolia and overall they showed a very 
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 low acceptance of P. vitifolia (proportion of eggs laid on P. vitifolia mean ± S.E. = 0.08 
± 0.04). Consistent with a largely dominant autosomal basis for host-plant acceptance 
there was no segregation among BM females, all of which only laid eggs on P. 
menispermifolia (with the exception of two individuals that laid no eggs). 
Among BC females, a large number of females laid no eggs (Table 6.2). Of 
those that did, individuals heterozygous at the Ac locus that did lay eggs were less likely 
to oviposit on P. vitifolia, though the relationship only borders on significance (F1,17 = 
4.30, P = 0.054; Figure 6.1). The conservative nature of quasibinomial errors used to 
account for over-dispersion (with binomial errors the association is highly significant, P 
< 0.001) likely contributes to the lack of power necessary to detect a significant 
relationship. Nonetheless, segregation of the Ac locus explained 18.3% of the variance 
in host-plant preference of BC females.  
 
 FIGURE 6.1 – Host-preference is associated with the HmAc forewing color pattern 
locus. White bars represent female offspring from backcross to H. cydno broods (BC) that 
are homozygous at the Ac locus for the H. cydno allele and black bars represent 
heterozygous females at the HmAc locus, having inherited an allele from both H. cydno and 
H. melpomene. Data are counts of individuals that laid different proportions of their eggs on 
P. vitifolia, with greater proportion of eggs laid on P. vitifolia indicating increasing similarity 
to H. cydno. 
 
 
 
 
 
103
  
      TA
B
LE
 6
.2
 –
 H
os
t-p
la
nt
 u
se
 b
y 
ca
pt
iv
e 
H
el
ic
on
iu
s 
m
el
po
m
en
e,
 H
. c
yd
no
 a
nd
 t
he
ir 
hy
br
id
s.
 ‘G
en
er
al
is
t’ 
re
fe
rs
 t
o 
th
e 
nu
m
be
r 
of
 in
di
vi
du
al
s 
of
 
ea
ch
 c
la
ss
 th
at
 la
id
 o
n 
bo
th
 P
as
si
flo
ra
 m
en
is
pe
rm
ifo
lia
 a
nd
 P
. v
iti
fo
lia
; ‘
S
pe
ci
al
is
t’ 
re
fe
rs
 to
 th
e 
nu
m
be
r o
f i
nd
iv
id
ua
ls
 o
f e
ac
h 
cl
as
s 
th
at
 o
nl
y 
la
id
 o
n 
P
. 
m
en
is
pe
rm
ifo
lia
; ‘
S
te
ril
e’
 re
fe
rs
 to
 th
e 
nu
m
be
r o
f i
nd
iv
id
ua
ls
 in
 e
ac
h 
cl
as
s 
th
at
 la
id
 n
o 
eg
gs
 (s
ee
 C
ha
pt
er
 4
). 
 
 
 
 
 
 
 
 
In
di
vi
du
al
 
‘G
en
er
al
is
t’ 
‘S
pe
ci
al
is
t’ 
‘S
te
ril
e’
 
To
ta
l e
gg
s 
la
id
 o
n 
P
. v
iti
fo
lia
 
To
ta
l e
gg
s 
la
id
 o
n 
P
. m
en
is
pe
rm
ifo
lia
 
M
ea
n 
pr
op
or
tio
n 
eg
gs
 la
id
 o
n 
P
. v
iti
fo
lia
 (±
 s
.e
) 
 
 
 
 
 
 
 
H
el
ic
on
iu
s 
m
el
po
m
en
e 
 
0 
22
 
0 
0 
40
4 
0 
H
el
ic
on
iu
s 
cy
dn
o 
13
 
0 
0 
16
9 
13
5 
0.
53
 (±
 0
.0
7)
 
F 1
 (H
el
ic
on
iu
s 
cy
dn
o 
X
 H
el
ic
on
iu
s 
m
el
po
m
en
e)
 
4 
9 
7 
31
 
21
4 
0.
08
 (±
0.
04
) 
B
ac
kc
ro
ss
 to
 H
. m
el
po
m
en
e 
(B
M
) 
0 
16
 
2 
0 
39
9 
0 
B
ac
kc
ro
ss
 to
 H
. c
yd
no
 (B
C
) 
13
 
6 
22
 
96
 
35
6 
0.
2 
(±
 0
.0
1)
 
104
 DISCUSSION 
Among the Lepidoptera, a disproportionate number of traits distinguishing closely 
related species are sex-linked (PROWELL 1998; SPERLING 1994). In contrast, our results 
imply that differences in host-use in H. melpomene and H. cydno are controlled by 
autosomal genes. If loci on the Z-chromosome are important we would expect host-
preference to segregate in both backcrosses. This was not the case and female offspring 
from the backcross to H. melpomene only laid on P. menispermifolia. Specialisation on 
P. menispermifolia was also the predominant behaviour in F1 hybrids: Of 245 eggs laid 
by F1 females only 31 were laid on P. vitifolia, suggesting that preference is largely 
controlled by dominant alleles. Nevertheless, considering the fact that F1 hybrids did 
very occasionally lay on P. vitifolia, the possibility remains that preference is a 
quantitative threshold trait, with a largely P. menispermifolia preference in the F1, but 
increasingly cydno-like behaviour with repeated backcrossing to H. cydno.  
 Our data are concordant with the unpublished results from earlier crosses 
conducted with the same races of H. melpomene and H. cydno used here (NAISBIT 
2001). In contrast to our host-preference experiments, Naisbit (2001) presented 
individual females simultaneously with shoots from P. menisperifolia and P. vitifolia in 
addition to a further species of Passion vine, P. biflora. With the exception of one 
individual that laid a single egg on P. biflora (of a total of 31 laid), all 12 BC females 
only laid eggs on P. menispermifolia in this experiment.  He also performed crosses and 
host-preference experiments with H. melpomene rosina (from Panama) and H. 
melpomene melpomene, from French Guiana, where H. melpomene is ‘cydno-like’ in 
habitat and host use (it will oviposit on a number of Passiflora species). The results of 
these intra-specific crosses similarly reveal no evidence for sex linkage.  
Sex linkage of traits involved in reproductive and ecological isolation has been 
observed across taxa and, in particular, has been shown to be responsible for 
associations between behavioural and morphological differences (e.g. PRYKE 2010; 
SAETHER et al. 2007). Outside Heliconius, almost all published accounts of inter-
specific host-plant shifts in Lepidoptera imply a role for genes on the sex chromosomes 
(e.g. JANZ 1998; NYGREN et al. 2006; PROWELL 1998; THOMPSON 1988). To my 
knowledge, only two studies have found no effect of sex-linked genes on host-use 
differences between species (HORA et al. 2005; SHECK and GOULD 1995). There are a 
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 number of theoretical reasons why sex linkage is expected (reviewed in QVARNSTRÖN 
and BAILEY 2009). For example, recessive alleles on the Z-chromosome are exposed to 
selection in female butterflies (the heterogametic sex in the Lepidoptera) and are 
therefore expected to evolve more quickly (CHARLESWORTH et al. 1987). In addition, it 
has been asserted that the reduced rate of recombination associated with sex-
chromosomes will facilitate the build up of ‘coadapted gene complexes’, and that this 
might account for the disproportionate number of sex-linked traits in Lepidoptera (e.g. 
JANZ 2003). Physical linkage will indeed slow the break down of associations between 
taxon-specific traits when gene flow persists (SERVEDIO 2009); however, recombination 
is limited to the homogametic sex in Lepidoptera, so in this case there is no reason to 
expect reduced recombination rates on the Z-chromosome relative to the autosomes. 
 Perhaps the lack of sex linkage observed in our study should not be too 
surprising seeing as, with the exception of intrinsic hybrid sterility (manifest as laying 
eggs that fail to hatch; JIGGINS et al. 2001b; NAISBIT et al. 2002b), no traits 
distinguishing Heliconius taxa have been shown to be affected by loci on the sex 
chromosomes. None of the wing patterning loci identified are sex linked (SHEPPARD et 
al. 1985). Similarly, shifts in mate preference behaviours seem to be largely controlled 
by autosomal loci (KRONFORST et al. 2006a; Chapter 4). However, linkage between 
autosomal colour pattern loci and other traits affecting reproductive and ecological 
isolation has been observed (CHAMBERLAIN et al. 2009; KRONFORST et al. 2006b; 
Chapter 4). In the present analysis, BC females that that were homozygous for the 
cydno allele at the Ac locus were more likely to lay on both species of Passiflora (i.e. 
the ‘cydno-like’ behaviour) compared to their sisters that were heterozygous at this 
locus (Figure 1). This relationship was only borderline significant; however, the power 
to detect a significant relationship was severely reduced by the necessity of using a 
quasibinomial error structure to account for over-dispersion in our GLM. In addition, 
sample sizes were reduced due to the segregation of sterility in these crosses (manifest 
as the failure to lay eggs, see below; MERRILL et al. 2011; NAISBIT et al. 2002a). 
Segregation of the Ac locus explained 18.3% of the variance in host-plant preference of 
BC females. This implies the existence of a locus, in linkage with Ac, of considerable 
effect on host-plant use. The variance between individuals obviously includes an 
environmental component, which I am unable to quantify but which is likely to be large 
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 for behavioural experiments conducted in outdoor insectaries. As a result, my estimate 
of percentage variance explained is likely a very conservative estimate of the effect size 
of the loci studied. 
Previous work has shown that in the backcross to H. melpomene (BM), ‘sterile 
females typically laid eggs that did not hatch’ and sterility was associated with the Z-
chromosome (NAISBIT et al. 2002b). By contrast, ‘in the backcross to H. cydno, 
[behavioural] sterility was usually manifested as a failure to lay eggs’, and in this cross 
there was no evidence of a large Z-chromosome effect. In analyses of the same crosses 
used here, I have elsewhere demonstrated that this behavioural sterility is physically 
linked to the Ac locus (Chapter 4). Thus, assuming the association observed here is real, 
my results present an example where major loci for three traits affecting reproductive 
and ecological isolation, are located on a single linkage group. Considering that H. 
melpomene and H. cydno are known to have 21 chromosome pairs, it seems unlikely 
that this is the result of chance alone. Genetic clustering of traits under disruptive 
selection is not unknown. For example, in the pea aphid QTL controlling host plant-
specific fecundity and host plant choice co-map in four different genomic regions 
(HAWTHORNE and VIA 2001). Similarly, among Mexican tetra fish, multiple adaptations 
to a cave dwelling lifestyle cluster in the same genomic regions (PROTAS et al. 2008).  
One intriguing possibility is that behavioural sterility (the failure to lay eggs) 
could result from the breakdown of oviposition behaviour, partly controlled by the locus 
hypothesised here. In general, it is thought that loci under divergent selection are 
ultimately responsible for hybrid sterility (COYNE and ORR 2004). Oviposition likely 
involves multiple cues and behaviours, including visual inspection and ‘drumming’ 
with the forelegs (BENSON 1978; BENSON et al. 1975), and here I have only measured 
the gross outcome. It is not inconceivable that the dissociation of coevolved alleles that 
account for generalist or specialist behaviours might cause behavioural sterility. 
However, although this might explain the co-localisation of genes affecting host 
preference and behavioural sterility, it is hard to envision how pleiotropy could explain 
the additional association between these traits and colour pattern. 
 The association may be maintained by a fixed inversion between the two species. 
This has been demonstrated for multiple traits separating the hybridising species, 
Drosophila pseudoobscura and Drosophila persimilis (NOOR and COYNE 1996; NOOR 
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 et al. 2001a; NOOR et al. 2001b; WILLIAMS et al. 2001). Inversions are expected to 
protect favourable geneotypic combinations by reducing introgression across regions of 
the genome (BUTLIN 2005; HOFFMAN and RIESEBERG 2008 for review). This should 
assist any positive feedback process (RICE and HOSTERT 1993), as genes under 
disruptive selection trapped together within an inversion will be subject to greater 
combined selection than they would be alone (RIESEBERG 2001). In addition, inversions 
may tie genes under divergent selection to those involved with assortative mating 
(BUTLIN 2005). Both scenarios seem plausible here because colour pattern is both under 
disruptive selection for mimicry and is used as a mating cue (Chapter 2; JIGGINS et al. 
2001c). Inversions have been similarly hypothesised to account for genetic associations 
between other ecologically relevant traits in Heliconius (Chapter 4; KRONFORST et al. 
2006b), but in at least one case the evidence suggests that this is unlikely (Chapter 5). 
Without performing additional crosses there is little reason to think otherwise here. 
 Whatever the exact genetic mechanism responsible, physical linkage will assist a 
process by which disruptive selection on colour pattern facilitates divergence at other 
ecologically relevant loci. Not only is colour pattern under strong disruptive selection 
for mimicry (Chapter 2; MALLET and BARTON 1989), but it is also used as a species-
specific mating cue and hybrid females are discriminated against (JIGGINS et al. 2001a; 
NAISBIT et al. 2001). Interestingly, differences in host-plant use may also contribute to 
pre-mating isolation. Male Heliconius learn the location of Passiflora host plants and 
patrol them, and often, though not always, mate with teneral females soon after they 
emerge from pupae on or near their host plant. It would be interesting to know whether 
males of specialist species only patrol the ‘correct’ Passiflora.  
 Surprisingly, H. melpomene larvae can feed with equal success on a range of 
Passiflora species (pers. obs.; SMILEY 1976), and numerous Passiflora are available in 
the local environment (NAISBIT 2001). Why, then, do females reject what are apparently 
perfectly good hosts? If mating is associated with the host-plant, or if larval host 
influences signals used in mate choice, such as pheromones, host fidelity might 
conceivably evolve through a Fisherian runaway process. A more probable alternative is 
that some, as yet, undetermined ecological factor is important. Naisbit (2001) placed 
120 paired first instar larvae (of H. melpomene and H. cydno) on P. menispermifolia and 
other host species in the wild. He found an, albeit non-significant, trend towards higher 
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 survival of H. melpomene on its native host, which was reversed on other host species. 
Although the exact ecological reason remains unknown, these experiments do provide 
some preliminary support for the idea that P. menispermifolia might be a better host in 
the wild.  
 In the closed canopy forest utilized by H. cydno fresh Passiflora shoots are rare. 
In contrast, in secondary habitats, Passiflora are more common but so too are other 
Heliconius species with which H. melpomene females must compete. Populations of H. 
melpomene in areas where H. cydno is not found, such as French Guiana, use the forest 
interior to a greater extent, and are more generalist in their larval food plants (BENSON 
et al. 1975). Because H. melpomene and H. cydno utilize different habitats in central 
America they will only rarely be in direct competition for larval hosts (ESTRADA and 
JIGGINS 2002). Specialization by melpomene females is therefore more likely a response 
to competition in the second growth community, particularly among H. erato, H. 
ismenius and H. hecale, rather than character displacement with cydno. Aside from 
direct competition for larval resources, egg and larval cannibalism by other Heliconius 
species and pupal mortality due to misplaced attention from males of pupal mating 
species may also play a part (NAISBIT 2001).  
The host-use shift observed in H. melpomene and H. cydno, and perhaps other 
Heliconius species, may be an adaptive response to changes in habitat use, which are 
often accompanied by changes in mimetic colour pattern. These shifts in host use 
appear to be important in facilitating the final stages of speciation. Parapatric species 
pairs such as H. cydno galanthus and H. pachinus, or H. erato and H. himera, do not 
differ in host use, but sympatric species partition the host plant niche, implying that 
shifts in host-plant and habitat use are necessary for Heliconius species to coexist 
(JIGGINS et al. 1997; KRONFORST et al. 2006b; MCMILLAN et al. 1997b). That major loci 
underlying changes in colour pattern and host use appear to be physically linked in the 
genome suggests that the evolutionary histories of these two adaptations are intimately 
related. A greater understanding of the genetics of ecologically relevant loci influencing 
multiple niche axes, and how they interact in evolutionary time, will further our 
knowledge of the speciation process. 
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Concluding remarks  
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As I watch the fleeting flutter-by of butterfly or moth, 
    I think of all the things I’d do if I were not a sloth.          – Flanders and Swann (1961) 
 
   
One of the most striking facts about biodiversity is that it is discontinuous and a major 
goal of modern biology is to explain this pattern. To Darwin (1859), speciation was 
simply the end point of a continuum. As natural populations adapt to the local 
environment they diverge into varieties or races, which may themselves evolve into new 
species. However, populations that remain in contact will continue to mix through 
hybridization, which can prevent further divergence (FELSENSTEIN 1981; MAYR 1963). 
Thus, speciation requires a mechanism that inhibits gene flow. During the modern 
synthesis, the fragmentation of a species’ range by a physical barrier to gene flow 
became seen as essential to the speciation process (MAYR 1963). Under this scenario, 
genetic differences accumulate during geographical isolation resulting in inviable or 
sterile hybrids between the two species. Recently, however, empirical and theoretical 
observations have resulted in a renewed appreciation of Darwin’s original views, where 
ecological adaptation is the driving force behind the speciation process (SCHLUTER 
2009; SOBEL et al. 2009). There is an increasing confidence that speciation may not 
always require geographical isolation.  
 When gene flow persists, the evolution of reproductive and ecological isolation 
is a major hurdle on the road to speciation (COYNE and ORR 2004). In particular, 
assortative mating requires the build up and maintenance of linkage disequilibrium 
between the alleles involved; however, this relies on the ability of selection to remove 
recombinants faster than they are produced (Chapter 1). As such, speciation will be 
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profoundly influenced by the genetic architecture of key traits. In this thesis I have 
attempted to address how selection and genetic architecture interact to influence 
divergence in Heliconius butterflies. This Neotropical genus provides an excellent 
experimental system to integrate studies of molecular evolution, behaviour and tropical 
biodiversity. Heliconius are famous for Müllerian mimicry, where pairs of unpalatable 
species converge on the same bright warning-pattern to more efficiently advertise their 
distastefulness to predators. Despite this, there is also great diversity in colour pattern: 
Distinct species often belong to different mimicry rings and, within species, mimetic 
colour pattern often varies dramatically across localities. Thus, although the adaptive 
landscape will be somewhat fluid, Heliconius represents one of the few natural systems 
in which the target of selection is well understood (BAXTER et al. 2009). In addition, 
divergence in colour pattern and other correlated traits allows a comparative approach 
towards understanding the speciation continuum (MALLET et al. 2007; Chapter 3).
 Theoretical and empirical studies of speciation with gene flow often invoke 
traits under disruptive ecological selection that also influence assortative mating 
(GAVRILETS 2004; SCHLUTER 2009; SERVEDIO et al. 2011). This will facilitate 
speciation by side-stepping the antagonism between selection and recombination, as 
identified by Felsenstein (1981). In a recent review, Servedio and colleagues (2011) 
identify a number of examples where ecological traits appear to be used as mating cues 
– implying that so-called ‘magic traits’ are widespread in nature. However, they also 
state that two criteria must be met for a trait to qualify as ‘magic’: First, the magic trait, 
not a correlated trait (controlled by different genes), must be subject to divergent 
selection; second, the magic trait, not a correlated trait, must generate non-random 
mating. As such, the evidence in support of ‘classic magic traits’ is only ‘strongly 
suggestive’ (SERVEDIO et al. 2011). In this thesis I present explicit evidence that 
mimetic colour patterns in Heliconius are under disruptive selection (Chapter 2). These 
mimetic colour patterns are also used as a mate recognition cue (JIGGINS et al. 2001), 
and so constitute a classic magic trait.  
 Nevertheless, shifts in colour pattern must be accompanied by corresponding 
mate preferences to cause reproductive isolation, and the association between these two 
traits may also be broken down by recombination. In Chapter 4 I have demonstrated that 
loci underlying differences in colour pattern and the corresponding male mate 
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preference, between H. cydno and H. melpomene, are physically associated in the 
genome. A similar association between forewing colouration and male mate preference 
for live females has been shown in two parapatric members of the cydno clade, 
Heliconius cydno galanthus and H. pachinus, as well as in the polymorphic Ecuadorian 
race Heliconius cydno alithea (CHAMBERLAIN et al. 2009; KRONFORST et al. 2006). 
However, in these examples male mate preference is associated with the K locus, which 
controls a yellow/white forewing colour shift, and is on a different linkage group to the 
B locus, which controls the red/white switch observed in my crosses between H. 
melpomene and H. cydno. Thus, the work by Kronforst and colleagues (CHAMBERLAIN 
et al. 2009; KRONFORST et al. 2006), and that presented here (Chapter 4) represent 
independently evolved examples of the same phenomenon. 
 The emergence of alleles underlying mating preferences for a ecologically 
relevant trait will automatically favour linkage disequilibrium (whatever their genomic 
location) because it should result in some degree of assortative mating; however, unless 
disruptive selection or these preferences are very strong, it may be difficult to maintain 
this genetic correlation in the face of gene flow. Although selection for mimicry does 
appear to be strong in Heliconius (MALLET and BARTON 1989; Chapter 2), it may still 
be insufficient to maintain an association. My analysis of mate preference across the 
speciation continuum in Heliconius (Chapter 3), suggests that in the early stages of 
divergence behavioural isolation is weak, and may be asymmetric. Thus, assuming 
similar mutations are responsible for behavioural isolation between colour pattern races 
and between species, this suggests that preference alleles that accumulate early in 
divergence are unlikely to rapidly lead to strong assortative mating (but see 
ARBUTHNOTT 2009 for discussion of within and between species variation in 
behavioural traits). 
 The evolution of behavioural isolation may also depend on the nature of 
selection driving the fixation of preference alleles. Jiggins et al (2004) have previously 
demonstrated mate preferences for colour pattern between geographical races of H. 
melpomene. Although reinforcement-like processes may be involved, this seems 
unlikely: First, hybrid zones between H. melpomene races are often extremely narrow 
relative to the species range, meaning that any selection for mate choice is likely 
swamped by gene flow from outside the zone (BUTLIN 1987); second, these experiments 
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were largely conducted on individuals (whose ancestors were) sampled away from 
hybrid zones meaning that the relevant alleles would have to spread throughout the 
entire range. Direct selection, perhaps to increase the efficiency of mate finding, seems 
a more likely mechanism driving divergent mating preferences during the early stages 
of speciation. However, in the latter stages reinforcement-like processes probably do 
play a role. There is evidence for reproductive character displacement in both the 
cydno/pachinus systems (KRONFORST et al. 2007), and the cydno/melpomene (JIGGINS 
et al. 2001; Merrill unpublished data). In the former there is no evidence for intrinsic 
post-mating isolation, implying that this is likely driven by ecological selection – the 
prime suspect being disruptive selection acting on colour pattern (Chapter 2). This may 
account for the increased strength of mating preferences observed between species 
(Chapter 3). Physical linkage may facilitate both the initial accumulation of preference 
alleles during the early stages of divergence, when assortative mating is partial (e.g. 
CHAMBERLAIN et al. 2009), as well as later when stronger assortative mating is driven 
by indirect selection, which is generally considered weak.  
 Once strong assortative mating (as observed between H. cydno and H. 
melpomene) has evolved, physical linkage between a magic trait and the corresponding 
preference may further promote speciation through hybrid-trait speciation (JIGGINS et 
al. 2008; MAVÁREZ et al. 2006; MELO et al. 2008). However, a more fundamental 
question concerns how these associations evolved in the first place. One potential 
answer may be that both colour pattern and preference could be under common genetic 
control. Recently, it has been shown that the homologue to the Drosophila homeotic 
gene optix has an especially strong genotype x phenotype association, and its expression 
perfectly prefigures areas of the wing fated to be red (REED et al. in press). In 
Drosophila, optix plays a critical role in eye development (SEIMIYA and GEHRING 
2000), making it a good candidate affecting both wing colour and preference. By 
introgressing the red forewing band from H. melpomene into H. cydno through serial 
backcrossing, I have been able to show that the two traits are not in fact controlled by 
the same causative mutation (Chapter 5). Furthermore, molecular analysis suggests the 
two loci are at least 100kb apart. The fact that the two traits can be dissociated also 
argues against any role for a genomic inversion (BUTLIN 2005; FEDER and NOSIL 2009).  
 The next step in understanding the observed associations between wing colour 
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and preference in H. melpomene and H. cydno is to perform higher resolution 
quantitative trait locus (QTL) analyses of mating behaviour. This is already underway 
using the same samples and data presented in Chapter 4. In addition it will be 
interesting to know whether similar genetic architectures underlie assortative mating 
between sister-taxa that also differ in B locus phenotypes (e.g. mate preferences 
associated with the mimetic shift between H. melpomene amaryllis and H. melpomene 
aglaope, presented in Chapter 3). Over the last few years it has emerged that differences 
in forewing colour, controlled by the B locus in the melpeomene clade, map to the same 
genetic location in the distantly related but co-mimetic erato group (BAXTER et al. 
2010; COUNTERMAN et al. 2010; REED et al. in press). Mate preferences are also 
observed in the erato group and in particular between sister taxa that differ in D locus 
phenotypes (equivalent to the melpomene group B locus)(ESTRADA and JIGGINS 2008; 
MCMILLAN et al. 1997). Do mate preferences within the erato group also map to the 
same genomic location?  
 Although it now seems unlikely that the same causative mutation may be 
involved in both wing colouration and preference it is still possible that the same 
genetic pathways are involved. This is highlighted by a recent study in which the Br 
locus was mapped to approximately 26cM from B (CHAMBERLAIN et al. 2011); 
nevertheless, optix perfectly prefigures the brown oval pattern and the red forewing 
band, which are controlled by Br and B respectively, suggesting that the Br locus has 
some upstream regulatory role (Figure 2b in REED et al. in press). A similar situation 
might be true for mate behaviours directed towards red patterns: Is there a correlated 
difference in expression between candidate wing pattern genes and expression in eye 
and/or brain tissue through development? Although it is unclear why functionally 
related genes might be clustered in the genome it is not unprecedented (HALL et al. 
2006; KHAVKIN and COE 1997). For example, in Arabidopsis, QTL for floral traits are 
clustered in the genome, as are QTL for leaf traits (JUENGER et al. 2005). Interestingly 
there is little overlap suggesting that these represent independent developmental 
modules. One possible explanation is that functionally related genes cluster in order to 
facilitate their coordinated expression (HURST et al. 2004). In Heliconius, the fact that 
preference and colour pattern can be disassociated through serial backcrossing (Chapter 
5) presents an exciting experimental opportunity. If colour pattern and preference are 
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both influenced by optix, but regulated by different up-stream pathways, we might 
expect correlated differences in expression before but not after the two traits have been 
disassociated.  
 Despite all this, the clustering we observe may be unrelated to any functional 
constraints. In particular it is difficult to see any developmental link between colour 
pattern genes and those effecting host-plant use, which similarly appear to be linked 
(Chapters 4 & 6).  A more general explanation may involve ‘divergence hitchhiking’ 
(VIA and WEST 2008). Genomic ‘islands’ of divergence centered on colour pattern loci 
have already been detected between Heliconius taxa (NADEAU et al. in press). The 
regions of genetic differentiation between colour pattern races (H. melpomene amaryllis 
and H. melpomene aglaope) were surprising small, between 400 and 600kb; however, 
between H. melpomene and H. timerata (a member of the cydno super-species) there 
were more peaks stretching across a larger genomic area. These first results suggest a 
process by which the region of divergence broadens as alleles affecting reproductive 
and ecological isolation accumulate. This may further permit the divergence of 
additional traits located within the expanding island. 
 Almost a hundred a fifty years since Bates (1862) first identified mimicry as a 
diverging force in tropical butterflies, it continues to provide insights into the process of 
speciation and the genetics of adaptation. The complete Heliconius genome has recently 
been annotated with gene predictions. In addition, the first major colour pattern gene is 
to be published this month (REED et al. in press). In contrast, our understanding of the 
genetics of behaviours involved in Heliconius speciation is in its infancy. However, the 
genetic associations between traits causing reproductive and ecological isolation, which 
I have described here, have likely played an important role during divergence in this 
group. Future work will shed light on the nature of these associations and on speciation 
in Heliconius in general. 
 !
116
       Bibliography 
    
 
ABZHANOV, A., W. P. KUO, C. HARTMANN, B. R. GRANT and P. R. GRANT, 2006 The 
calmodulin pathway and evolution of elongated beak morphology in Darwin’s finches. 
Nature 442: 563-567. 
ALEXANDER, R. D., 1962 Evolutionary change in cricket acoustical communication. Evolution 
16: 443-467. 
ALLISON, J. D., D. A. ROFF and R. T. CARDÉ, 2008 Genetic independence of female signal 
form and male receiver design in the almond moth, Cadra cautella. Journal of 
Evolutionary Biology21: 1666-1672. 
ANDERSSON, M., 1994 Sexual Selection. Princeton University Press, Princeton, NJ. 
ARBUTHNOTT, D., 2009 The genetic architecture of insect courtship behavior and premating 
isolation. Heredity 103: 15-22. 
ARIAS, C. F., A. G. MUÑOZ, C. D. JIGGINS, J. MAVÁRAZ, E. BERMINGHAM et al., 2008 A 
hybrid zone provides evidence for incipient ecological speciation in Heliconius 
butterflies. Molecular Ecology 17: 4699-4712. 
ARNOLD, S. J., P. A. VERRELL and S. G. TILLEY, 1996 The evolution of asymmetry in sexual 
isolation: a model and a test case. Evolution 50: 1024-1033. 
ARNQVIST, G., and L. ROWE, 2005 Sexual Conflict. Princeton University Press, Princeton, NJ. 
BARLUENGA, M., K. N. STÖLTING, W. SALZBURGER, M. MUSCHICK and A. MEYER, 2006 
Sympatric speciation in Nicaraguan crater lake cichlid fish. Nature 439: 719-773. 
BARNWELL, C. V., and M. A. F. NOOR, 2008 Failure to replicate two mate preference QTLs 
across multiple strains of Drosophila pseudoobscura. Heredity 99: 653-656. 
BATES, H. W., 1862 Contributions to an insect fauna of the Amazon valley (Lepidoptera: 
Heliconidae). Transactions of the Linnean Society of London 23: 495-566. 
BAXTER, S. W., S. E. JOHNSTON and C. D. JIGGINS, 2009 Butterfly speciation and the 
distribution of gene effect sizes fixed during adaptation. Heredity 102: 57-65. 
BAXTER, S. W., N. J. NADEAU, L. S. MAROJA, P. WILKINSON, B. A. COUNTERMAN et al., 2010 
Genomic hotspots for adaptation: the population genetics of Müllerian mimicry in the 
Heliconius melpomene clade. PLoS Genetics 6: e1000794. 
BAXTER, S. W., R. PAPA, N. CHAMBERLIN, S. J. HUMPREY, M. JORON et al., 2008 Convergent 
evolution in the genetic basis of Müllerian mimicry in Heliconius butterflies. Genetics 
180: 1567-1577. 
BELL, G., 2010 Fluctuating selection: the perpetual renewal of adaptation in variable 
environements. Philosophical Transactions of The Royal Society Of London Series B - 
Biological Sciences 365: 87-97. 
BELTRAN, M., C. D. JIGGINS, A. V. Z. BROWER, E. BERMINGHAM and J. MALLET, 2007 Do 
pollen feeding, pupal-mating and larval gregariousness have a single origin in 
Heliconius butterflies? Inferences from multilocus DNA sequence data. Biological 
Journal of the Linnean Society 92: 221-239. 
BÉLTRAN, M., C. D. JIIGINS, V. BULL, M. LINERES, J. MALLET et al., 2002 Phylogenetic 
discordance at the species boundary: comparative gene genealogies among rapidly 
radiating Heliconius butterflies. Molecular Biology and Evolution 19: 2176-2190. 
BENSON, W., 1978 Resourse partitioning in passion vince butterflies. Evolution 32: 493-518. 
BENSON, W., K. BRWON and L. GILBERT, 1975 Coevolution of plants and herbivores: passion 
flower butterflies. Evolution 29: 659-680. 
117
BERNER, D., A. GRANDCHAMP and A. P. HENDRY, 2009 Variable progress toward ecological 
speciation in parapatry: stickleback across eight lake-stream transitions. Evolution 63: 
1740-1753. 
BOLNICK, D. I., and B. M. FITZPATRICK, 2007 Sympatric speciation: Models and empirical 
evidence. Annual Review of Ecology and Evolution S 38: 459-487. 
BOUGHMAN, J. W., 2001 Divergent sexual selection enhances reproductive isolation in 
sticklebacks. Nature 411: 944-948. 
BOUGHMAN, J. W., 2002 How sensory drive can promote speciation. Trends in Ecology and 
Evolution 17: 571-577. 
BOUGHMAN, J. W., H. RUNDLE and D. SCHLUTER, 2005 Parallel evolution of sexual isolation in 
sticklebacks. Evolution 59: 361-373. 
BROOKS, R., J. HUNT, M. W. BLOWS, M. J. SMITH, L. F. BUSSIÈRE et al., 2005 Experimental 
evidence for multivariate stabilising sexual selection. Evolution 59: 871-880. 
BROWN, K., T. EMMEL, P. ELIAZAR and E. SUOMALAINEN, 1992 Evolutionary patterns in 
chromosome numbers in neotropical Lepidoptera I. Chromosomes of the Heliconiini 
(Family Nyphalidae: subfamily Nymphalinae). Hereditas 117: 109-125. 
BROWN, M. B., and A. B. FORSYTHE, 1974 Robust tests for equality of variances. Journal of the 
American Statistical Association 69: 364-367. 
BULL, V., M. BELTRÁN, C. D. JIGGINS, W. O. MCMILLAN, E. BERMINGHAM et al., 2006 
Polyphyly and gene flow between non-sibling Heliconius  species. BMC Biolgy 4. 
BUSH, G. L., 1969 Sympatric host race formation and speciation in frugivorous flies of the 
genus Rhagoletis (Diptera, Tephritidae). Evolution 23: 237-251. 
BUTLIN, R., 1987 Speciation by reinforcement. Trends in Ecology and Evolution 2: 8-13. 
BUTLIN, R. K., 2005 Recombination and speciation. Molecular Ecology 14: 2621-2635. 
BUTLIN, R. K., G. M. HEWITT and S. F. WEBB, 1985 Sexual selection for intermeadiate 
optimum in Chorthippus brunneus (Orthoptera: Acrididae). Animal Behaviour 33: 
1281-1292. 
BUTLIN, R. K., and M. G. RITCHIE, 1989 Genetic coupling in mate recognition systems: what is 
the evidence? Biological Journal of the Linnean Society 37: 237-246. 
CHAMBERLAIN, N., R. I. HILL, S. W. BAXTER, C. D. JIGGINS and M. R. KRONFORST, 2011 
Comparative population genetics of a mimicry locus among hybridizing Heliconius 
butterfly species. Heredity: doi: 10.1038/hdy.2011.1033. 
CHAMBERLAIN, N. L., R. I. HILL, D. D. KAPAN, L. E. GILBERT and M. R. KRONFORST, 2009 
Polymorphic butterfly reveals the missing link in ecological speciation. Science 326: 
847-850. 
CHARLESWORTH, B., J. A. COYNE and N. BARTON, 1987 The relative roles of evolution of sex 
chromosomes and autosomes. American Naturalist 130: 113-146. 
CHARLESWORTH, D., and B. CHARLESWORTH, 1975 Theoretical genetics of Batesian. II. 
Evolution of supergenes. Journal of Theoretical Biology 55: 305. 
COUNTERMAN, B. A., F. ARAUJO-PEREZ, H. M. HINES, S. W. BAXTER, C. M. MORRISON et al., 
2010 Genomic Hotspots for Adaptation: The Population Genetics of Mullerian Mimicry 
in Heliconius erato. PLoS Genetics 6: e1000796. 
COYNE, J. A., and H. A. ORR, 1989 Patterns of speciation in Drosophila. Evolution 43: 362-
381. 
COYNE, J. A., and H. A. ORR, 1997 "Patterns of speciation in Drosophila" Revisited. Evolution 
51: 295-303. 
COYNE, J. A., and H. A. ORR, 2004 Speciation. Sinauer, Sunderland, MA. 
CUTHILL, I., 2006  in Bird Colouration: Mechanism and Measurements, edited by G. HILL and 
K. MCGRAW. Harvard University Press, MA. 
CUTHILL, I., M. STEVENS, J. SHEPPARD, T. MADDOCK, C. PÁRRAGA et al., 2005 Disruptive 
colouration and background pattern matching. Nature 434: 72-74. 
118
DAMBROSKI, H. R., and J. L. FEDER, 2007 Host plant and latitude related diapause variation in 
Rhagoletis pomonella: a test for multifaceted life history adaptation on different stages 
of diapause development. Journal of Evolutionary Biology 20: 2101-2112. 
DARWIN, C. R., 1859 On the Origin of Species by means of natural selection, or the 
preservation of favoured races in the struggle for life. John Murray, London. 
DARWIN, C. R., 1863 Letter 4148 —Darwin, C.R. to Hooker, J.D. 
http://www.darwinproject.ac.uk/darwinletters/calendar/entry-4148.html, University of 
Cambridge. 
DEINERT, E., J. LONGINO and L. E. GILBERT, 1994 Mate competition in butterflies. Nature 370: 
23-24. 
DIECKMANN, U., and M. DOEBELI, 1999 On the origin of species by sympatric speciation. 
Nature 400: 354-357. 
DOBZHANSKY, T., 1937 Genetics and the Origin of Species. Columbia University Press, New 
York. 
EDWARDS, A. W. F., 1972 Likelihood. Cambridge University Press, Cambridge, UK. 
EGAN, S. P., and D. J. FUNK, 2009 Ecologically dependent postmating isolation between 
sympatric host forms of Neochlamisus bebbianae leaf beetles. PNAS 106: 19426-
19431. 
EHRLICH, P., and P. RAVEN, 1964 Butterflies and plants: a study in coevolution. Evolution 18: 
586-608. 
ENDLER, J., and P. MEIKE, 2005 Comparing entire colour patterns as birds see them. Biological 
Journal of the Linnean Society 86: 405. 
ENGLER-CHAOUAT, H. S., and L. E. GILBERT, 2007 De novo Synthesis vs. Sequestration: 
Negatively Correlated Metabolic Traits and the Evolution of Host Plant Specialization 
in Cyanogenic Butterflies. Journal of Chemical Ecology 33: 25-42. 
ESTRADA, C., and C. D. JIGGINS, 2002 Patterns of pollen feeding and habitat preference among 
Heliconius species. Ecological Entomology 27: 448-456. 
ESTRADA, C., and C. D. JIGGINS, 2008 Interspecific sexual attraction because of convergence in 
warning colouration: is there a conflict between natural and sexual selection in mimetic 
species? Journal of Evolutionary Biology21: 749-760. 
FEDER, J. L., and P. NOSIL, 2009 Chromosomal inversions and species differences: when are 
genes affecting adaptive divergence and reproductive isolation expected to reside within 
inversions? Evolution 63: 3061-3075. 
FEDER, J. L., and P. NOSIL, 2010 The efficacy of divergence hitchhiking in generating genomic 
islands during ecological speciation. Evolution 64: 1729-1747. 
FELSENSTEIN, J., 1981 Skepticism towards Santa Rosalia, or why are there so few kinds of 
animals? Evolution 35: 124-138. 
FEULNER, P. G. D., M. PLATH, J. ENGELMANN, F. KIRSCHBAUM and R. TIEDEMANN, 2009 
Electrifying love: electric fish use species-specific discharge for mate recognition. 
Biology Letters 5: 225-228. 
FISHER, R., 1958 The Genetical Theory of natural Selection. Dover, New York. 
FLANAGAN, N. S., A. TOBLER, DAVISON, O. G. PYBUS, D. KAPAN et al., 2004 Historical 
demography of Mullerian mimicry in the neotropical Heliconius butterflies. PNAS 101: 
9704-9709. 
FORDYCE, J. A., 2010 Host shifts and evolutionary radiations of butterflies. Proceedings Royal 
Soiety: Biological Sciences doi:10.1098/rspb.2010.0211. 
FU, X., S. TATSUKI, S. HOSIZAKI and Y. ISHIKAWA, 2005 Study of the genetics of female sex 
pheromone production and male behavioral response in a moth, Ostrinia orientalis. 
Entomological Science 8: 363-369. 
FUKAMACHI, S., M. KINOHITA, K. AIZAWA, S. ODA, A. MEYER et al., 2009 Dual control by a 
single gene of secondary sexual characters and mating preferences in medaka. BMC 
Biology 7: 64. 
119
GAVRILETS, S., 2004 Fitness Landscapes and the Origin of Species. Princeton University Press, 
Princeton, NJ. 
GELMAN, A., J. B. CARMIN, H. S. STER and D. B. RUNBIN, 2003 Bayesian Data. Chapman and 
Hall. 
GILBERT, L. E., 1971 Butterfly-plant coevolution: Has Passiflora adenopoda won the 
selectional race with Heliconiine butterfflies? Science 172: 585-586. 
GILBERT, L. E., 1972 Pollen feeding and reproductive biology of Heliconius butterflies. PNAS 
69: 1403. 
GIRALDO, N., C. A. SALAZAR, C. D. JIGGINS, E. BERMINGHAM and M. LINARES, 2008 Two 
sisters in the same dress: Heliconius cryptic species. BMC Evolutionary Biolgy 8: 324. 
GRANT, P. R., and B. R. GRANT, 2002 Unpredictable evolution in a 30-year study of Darwin's 
finches. Science 296: 707-711. 
GRANT, P. R., and B. R. GRANT, 2007 How and why species multiply: The radiation of 
Darwin's finches Princeton University Press, NJ. 
GRULA, J. W., and O. R. TAYLOR, 1980 The effect of X-chromosome inheritence on mate-
slection in the sulfer butterflies, Colias eurytheme and C. philodice. Evolution 34: 688-
695. 
HALL, M. C., C. J. BASTEN and J. H. WILLIS, 2006 Pleiotropic quantitative trait loci contribute 
to population divergence in traits associated with life-history variation in Mimulus 
guttatus. Genetics 172: 1829-1844. 
HALLER, B. C., L. F. DE LÉON, G. ROLSHAUSEN and A. P. HENDRY, submitted On effect size: 
Magic traits and squib traits. 
HART, N. S., J. PARTRIDGE and I. CUTHILL, 2000 Visual pigments, oil droplets, ocular media 
and cone photoreceptor distribution in two species of passerine bird: the blue tit (Parus 
caeruleus L.) and the blackbird (Turdus merula L.). Comp. Physiol. A 186: 375. 
HATFIELD, T., and D. SCHLUTER, 1999 Ecological speciation in stick lebacks: environment-
dependent hybrid fitness. Evolution 53: 866-873. 
HAUBER, M. E., and P. W. SHERMAN, 2001 Self-referent phenotype matching: theoretical 
considerations and emprical evidence. Trends in Neuroscience 24: 609-616. 
HAUBER, M. E., P. W. SHERMAN and D. PAPRIKA, 2000 Self-referent phenotype matching in a 
brood parasite: the armpit effect in brown-headed cowbirds (Molothrus ater). Animal 
Cognition 3: 113-117. 
HAWTHORNE, D., and S. VIA, 2001 Genetic linkage of ecological specialization and 
reproductive isolation in pea aphids. Nature 412: 904-907. 
HEAD, M. L., E. PRICE and J. W. BOUGHMAN, 2009 Body size differences do not arise from 
diverget mate preferences in a species pair of threespine stickleback. Biology Letters 5: 
517-520. 
HEINRICH, B., 1993 The hot-blooded insects: Strategies and mechanisms of thermoregulation. 
Harvard University Press, Cambridge, MA. 
HENDRY, A. P., D. I. BOLNICK, D. BERNER and C. L. PEICHEL, 2009a Along the speciation 
continuum in sticklebacks. Journal of Fish Biology 75: 2000-2036. 
HENDRY, A. P., S. K. HUBER, L. F. DE LEON, A. HERREL and J. PODOS, 2009b Disruptive 
selection in a bimodal population of Darwin's finches. P R Soc B 276: 753-759. 
HIGASHI, M., G. TAKIMOTO and N. YAMAMURA, 1999 Sympatric speciation by sexual 
selection. Nature 402: 523-526. 
HOFFMAN, A. A., and L. H. RIESEBERG, 2008 Revisiting the impact of inversions in evolution: 
from population genetic markers to drivers of adaptive shifts and speciation? Annual 
Review of Ecology and Systematics 39: 21-42. 
HOHENLOHE, P. A., S. BASSHAM, M. CURREY and W. A. CRESKO, 2010 Extensive linkage 
disequilibrium in threespine sticklebackand its importance for parallel adaptation and 
ecological speciation. PLoS Genetics 6: e1000862. 
120
HORA, K. H., P. ROESSINGH and S. B. J. MENKEN, 2005 Inheritance and plasticity of adult host 
acceptance in Yponomeuta species: implications for host shifts in specialist herbivores. 
Entomologia Experimentalis et Applicata 115: 271-281. 
HOSKEN, D. J., O. Y. MARTIN, S. WIGBY, T. CHAPMAN and D. J. HODGSON, 2009 Sexual 
conflict and reproductive isolation in flies. Biology Letters 5: 697-699. 
HUBER, S. K., L. F. DE LEÓN, A. P. HENDRY, E. BERMINGHAM and J. PODOS, 2007 
Reproductive isolation of sympatric morphs in a population of Darwin’s finches. 
Proceedings of the Royal Society of London B 274: 1709-1914. 
HURST, L. D., C. PAL and M. J. LERCHER, 2004 The evolutionary dynamics of eukaryotic gene 
order. Nature Reviews Genetics 5: 299-310. 
IRWIN, D. E., and T. PRICE, 1999 Sexual imprinting, learning and speciation. Heredity 82: 347-
354. 
JANZ, N., 1998 Sex-linked inheritance of host-plant specialization in a polyphagous butter ̄y. 
Proceedings of the Royal Society of London B 265: 1675-1678. 
JANZ, N., 2003 Sex linkage of host plant use in butterflies in Butterflies: Ecology and evolution 
of taking flight, edited by C. BOGGS, W. B. WATT and P. EHRLICH. The University of 
Chicago Press, Chicago, IL. 
JANZ, N., S. NYLIN and N. WAHLBERG, 2006 Diversity begets diversity: host expansions and 
the diversification of plant-feeding insects. BMC Evolutionary Biology 6: 4. 
JIGGINS, C., C. ESTRADA and A. RODRIGUES, 2004a Mimicry and the evolution of premating 
isolation in Heliconius melpomene Linnaeus. Journal of Evolutionary Biology 17: 680-
691. 
JIGGINS, C., R. NAISBIT, R. COE and J. MALLET, 2001a Reproductive isolation caused by colour 
pattern mimicry. Nature 411: 302-305. 
JIGGINS, C. D., 2008 Ecological speciation in mimetic butterflies. Bioscience 58: 541-548. 
JIGGINS, C. D., I. EMELIANOV and J. MALLET, 2004b Assortative mating and speciation as 
pleiotropic effects of ecological adaption: Examples in moths and butterflies, pp. 451-
473. 
JIGGINS, C. D., M. LINARES, R. E. NAISBIT, C. SALAZAR, Z. H. YANG et al., 2001b Sex-linked 
hybrid sterility in a butterfly. Evolution 55: 1631-1638. 
JIGGINS, C. D., J. MAVAREZ, M. BELTRÁN, W. O. MCMILLAN, J. S. JOHNSTON et al., 2005 A 
genetic linkage map of the mimetic butterfly Heliconius melpomene. Genetics 171: 
557-570. 
JIGGINS, C. D., W. O. MCMILLAN and J. MALLET, 1997 Host plant adaptation has not played a 
role in the recent speciation of Heliconius himera and Heliconius erato (Lepidoptera: 
Nymphalidae). Ecological Entomology 22: 361-365. 
JIGGINS, C. D., W. O. MCMILLAN, W. NEUKIRCHEN and J. MALLET, 1996 What can hybrid 
zones tell us about speciation? The case of Heliconius erato and H. himera 
(Lepidoptera: Nymphalidae). Biological Journal of the Linnean Society 59: 221-241. 
JIGGINS, C. D., C. A. SALAZAR, M. LINARES and J. MAVÁRAZ, 2008 Hybrid speciation in 
Heliconius butterflies. Philosophical Transactions of The Royal Society of London 
Series B - Biological Sciences 363: 3047-3054. 
JOHANSSON, J., and J. RIPA, 2006 Will sympatric speciation fail due to stochastic competitive 
exclusion? American Naturalist 168: 572-578. 
JONES, A., G. MOORE, C. KVARNEMO, D. WALKER and J. AVISE, 2003 Sympatric speciation as 
a consequence of male pregnancy in seahorses. PNAS 100: 6598-6603. 
JORON, M., L. FRÉZAL, N. CHAMBERLAIN, R. JONES, S.-F. LEE et al., in press Chromosomal 
rearrangements drive the evolution of a wing-pattern supergene in a mimetic butterfly. 
Nature. 
JUENGER, T., J. M. PEREZ-PEREZ, S. BERNAL and J. L. MICOL, 2005 Quantitative trait loci 
mapping of floral and leaf morphology traits in Arabidopsis thaliana: evidence for 
modular genetic architecture. Evolution and Development 7: 259-271. 
121
KANESHIRO, K. Y., 1980 Sexual isolation, speciation and the direction of evolution. Evolution 
34: 437-444. 
KAPAN, D. D., 2001 Three-butterfly system provides a field test of Müllerian mimicry. Nature 
409: 338-340. 
KENDRICK, K., M. HINTON, K. ATKINS, M. HAUPT and J. SKINNER, 1998 Mothers determine 
sexual preferences. Nature 395: 229-230. 
KHAVKIN, E., and E. COE, 1997 Mapped genomic locations for developmental functions and 
QTLs reflect concerted groups in maize (Zea mays L.). Theoretical and Applied 
Genetics 95: 343-352. 
KIRKPATRICK, M., and V. RAVIGNÉ, 2002 Speciation by natural and sexual selection: models 
and experiments. American Naturalist 158. 
KITANO, J., J. A. ROSS, S. MORI, M. KUME, F. C. JONES et al., 2009 A role for a neo-sex 
chromosome in stickleback speciation. Nature 461: 1079-1083. 
KRONFORST, M., L. YOUNG, D. KAPAN, C. MCNEELY, R. O'NEILL et al., 2006a Linkage of 
butterfly mate preference and wing color preference cue at the genomic location of 
wingless. PNAS 103: 6575-6580. 
KRONFORST, M. R., C. SALAZAR, M. LINARES and L. E. GILBERT, 2007a No genomic 
mosaicism in a putative hybrid butterfly species. Proceedings of the Royal Society B 
274: 1255-1264. 
KRONFORST, M. R., L. YOUNG, L. BLUME and L. E. GILBERT, 2006b Multilocus analysis of 
admixture and introgression among Heliconius butterflies. Evolution 60: 1254-1268. 
KRONFORST, M. R., L. G. YOUNG and L. E. GILBERT, 2007b Reinforcement of mate preference 
among hybridizing Heliconius butterflies. Journal of Evolutionary Biology 20: 278-
285. 
LANGERHANS, R. B., M. E. GIFFORD and E. O. JOSEPH, 2007 Ecological speciation in 
Gambusia fishes. Evolution 61: 2056-2074. 
LANGMORE, N. E., 2009 Are dark cuckoo eggs cryptic in host nests? Animal Behaviour 78: 
461-468. 
LEMMON, E. M., and A. R. LEMMON, 2010 Reinforcement in chorus frogs: lifetime fitness 
estimates including intrinsic natural selection and sexual selection against hybrids. 
Evolution 64: 1748–1761. 
LEXAR, C., M. E. WELCH, J. L. DURPHY and L. H. RIESEBERG, 2003 Natural selection for salt 
tolerance quantitative trait loci (QTLs) in wild sun- flower hybrids: implications for the 
origin of Helianthus paradoxus, a diploid hybrid species. Molecular ecology 12: 1225-
1235. 
MAAN, M. E., and O. SEEHAUSEN, 2011 Ecology, sexual selection and speciation. Ecology 
letters. doi: 10.1111/j.1461-0248.2011.01606.x 
MALLET, J., 1984 Population structure and evolution in Heliconius butterflies, PhD Thesis, 
University of Texas at Austin. 
MALLET, J., 1986 Hybrid zones in Heliconius butterflies in Panama, and the stability and 
movement  of warning colour clines. Heredity 56: 191-202. 
MALLET, J., 1989 The genetics of warning colour in Peruvian hybrid zones of Heliconius erato 
and H. melpomene. Proceedings of the Royal Society B 236: 163-185. 
MALLET, J., 1993 Speciation, raciation, and color pattern evolution in Heliconius butterflies: 
evidence from hybrid zones, pp. 226-260 in Hybrid zones and the Evolutionary 
Process. Oxford University Press, New York. 
MALLET, J., 2008 Hybridization, ecological races and the nature of species: empirical evidence 
for the ease of speciation. Philosophical Transactions of the Royal Society of London B 
363: 2971-2986. 
MALLET, J., 2009 Rapid speciation, hybridization and adaptive radiation in the Heliconius 
melpomene group, pp. 177-194 in Speciation and Patterns of Diversity, edited by R. 
BUTLIN, J. BRIDLE and D. SCHLUTER. Cambridge University Press, UK. 
122
MALLET, J., and N. BARTON, 1989 Strong natural selection in a warning color hybrid zone. 
Evolution 43: 421-431. 
MALLET, J., M. BELTRAN, W. NEUKIRCHEN and M. LINARES, 2007 Natural hybridization in 
heliconiine butterflies: the species boundary as a continuum. BMC Evol Biol 7: 28. 
MALLET, J., W. MCMILLAN and C. JIGGINS, 1998a Estimating the mating behavior of a pair of 
hybridizing Heliconius species in the wild. Evolution 52: 503-510. 
MALLET, J., W. O. MCMILLAN and C. D. JIGGINS, 1998b Mimicry and warning color at the 
boundary between races and species, pp. 390-403 in Endless  forms: Species and 
speciation, edited by D. J. HOWARD and S. H. BERLOCHER. Oxford University Press, 
New York. 
MARCILLAC, F., Y. GROSJEAN and J.-F. FERVEUR, 2005 A single mutation alters production 
and discrimination of Drosophila sex pheromones. Proceedings Biological sciences 
272: 303-309. 
MAREK, P. E., and J. E. BOND, 2009 A Müllerian mimcry ring in Appalachian millipedes. P 
Natl Acad Sci Usa 106: 9755-9760. 
MATUTE, D. R., 2010 Reinforcement of Gametic Isolation in Drosophila. PloS Biology 8: 
e1000341. 
MAVÁRAZ, J., C. A. SALAZAR, E. BERMINGHAM, C. SALCEDO, C. D. JIGGINS et al., 2006 
Speciation by hybridization in Heliconius butterflies. Nature 441: 868-871. 
MAVÁREZ, J., C. A. SALAZAR, E. BERMINGHAM, C. SALCEDO, C. D. JIGGINS et al., 2006 
Speciation by hybridization in Heliconius butterflies. Nature 441: 868-871. 
MAYNARD SMITH, J., 1966 Sympatric speciation. The American Naturalist 100: 637-650. 
MAYR, E., 1942 Systematics and the origin of species. Harvard University Press, Cambridge, 
MA. 
MAYR, E., 1963 Animal species and evolution. BelKnap, Cambridge, MA. 
MCBRIDE, C. S., and M. C. SINGER, 2010 Field studies reveal strong postmating isolation 
between ecologically divergent butterfly populations. PLoS Biol 8: e1000529. 
MCMILLAN, W.O, C. JIGGINS and J. MALLET, 1997a What initiates speciation in passion-vine 
butterflies? PNAS 94: 8628-8633. 
MERRILL, R. M., and C. D. JIGGINS, 2009 Müllerian mimicry: sharing the load reduces the 
legwork. Current Biology 19: R687-689. 
MELO, M. C., C. A. SALAZAR, C. D. JIGGINS and M. LINARES, 2008 Assortative mating 
preferences among hybrids offers a route to hybrid speciation. Evolution 63: 1660-
1665. 
MENDELSON, T. C., 2003 Sexual isolation evolves faster than hybrid inviability in a diverse and 
sexually dimorphic genus of fish (Percidae: Etheostoma). Evolution 57: 317-327. 
MENDELSON, T. C., and K. L. SHAW, 2005 Sexual behaviour: Rapid speciation in an arthropod. 
Nature 433: 375-376. 
MÜLLER, F., 1879 Ituna and Thyridia; a remarkable case of mimicry in butterflies. Trans. 
Entomol. Soc. Lond. 1879: xx-xxix. 
MUÑOZ, A. G., C. SALAZAR, J. CASTAÑO, C. D. JIGGINS and M. LINARES, 2010 Multiple 
sources of reproductive isolation in a bimodal butterfly hybrid zone.Journal of 
Evolutionary Biology23: 1312-1320. 
NADEAU, N. J., A. WHIBLEY, R. T. JONES, J. W. DAVEY, K. DASMAHAPATRA et al., in press 
Genomic islands of divergence in hybridising Heliconius butterflies indentified by 
large-scale targeted sequencing. Philos T R Soc B. 
NAGEL, L., and D. SCHUTER, 1998 Body Size, Natural Selection, and Speciation in 
Sticklebacks. Evolution 52: 209-218. 
NAISBIT, R., C. JIGGINS, M. LINARES, C. SALAZAR and J. MALLET, 2002 Hybrid sterility, 
Haldane's rule and speciation in Heliconius cydno and H-melpomene. Genetics 161: 
1517-1526. 
123
NAISBIT, R., C. JIGGINS and J. MALLET, 2001 Disruptive sexual selection against hybrids 
contributes to speciation between Heliconius cydno and Heliconius melpomene. 
Proceedings of the Royal Society B 268: 1849-1854. 
NAISBIT, R., C. JIGGINS and J. MALLET, 2003 Mimicry: developmental genes that contribute to 
speciation. Evolution and Development 5: 269-280. 
NAISBIT, R. E., 2001 Ecological divergence and speciation in Heliconius cydno and H. 
melpomene. PhD Thesis, University College London, London. 
NAVARRO, A., and N. H. BARTON, 2003 Accumulating postzygotic isolation genes in parapatry: 
A new twist on chromosomal speciation. Evolution 57: 447-459. 
NIJHOUT, H., 1991 The development and evolution of butterfly wing patterns. Smithsonian 
Institution Press, Washington (DC). 
NOONAN, B. P., and A. A. COMEAULT, 2009 The role of predator selection on polymorphic 
aposematic poison frogs. Biology Letters 5: 51-54. 
NOOR, M. A., 1995 Speciation driven by natural selection in Drosophila. Nature 375: 674-675. 
NOOR, M. A. F., and N. COYNE, 1996 Genetics of a difference in cuticular hydrocarbons 
between Drosophila pseudoobscura and D. persimilis. Genetic Reseach 68: 117-123. 
NOOR, M. A. F., K. L. GRAMS, L. A. BERTUCCI and J. REILAND, 2001 Chromosome inversions 
and the reproductive isolation of species. PNAS 98: 12084-12088. 
NOSIL, P., 2008 Speciation with gene flow could be common. Molecular Ecoloy 17: 2103-2106. 
NOSIL, P., and B. J. CRESPI, 2006 Experimental evidence that predation promotes divergence in 
adaptive radiation. PNAS 102: 9090-9095. 
NOSIL, P., B. J. CRESPI and C. P. SANDOVAL, 2002 Host-plant adaptation drives the parallel 
evolution of reproductive isolation. Nature 417: 440-443. 
NOSIL, P., and L. J. HARMON, 2009 Niche dimensionality and ecological speciation in 
Speciation and patterns of diversity, edited by R. BUTLIN, J. BRIDLE and D. SCHLUTER. 
Cambridge University Press, Cambridge. 
NOSIL, P., L. J. HARMON and O. SEEHAUSEN, 2009 Ecological explanations for (incomplete) 
speciation. Trends in Ecology and Evolution 24: 145-156. 
NOSIL, P., and D. SCHLUTER, 2011 The genes underlying the process of speciation. Trends in 
Ecology and Evolution 26: 160-167. 
NYGREN, G. H., S. NYLIN and C. STEFANESCU, 2006 Genetics of host plant use and life history 
in the comma butterfly across Europe: varying modes of inheritance as a potential 
reproductive barrier. Journal of Evolutionary Biology19: 1882-1893. 
ORTIZ-BARRIENTOS, D., B. A. COUNTERMAN and M. A. F. NOOR, 2004 The genetics of 
speciation by reinforcement. PLoS Biology 2: e416. 
ORTÍZ-BARRIENTOS, D., and M. A. F. NOOR, 2005 Evidence for a One-Allele Assortative 
Mating Locus. Science 310: 1467. 
PARKER, G. A., and L. PARTRIDGE, 1998 Sexual conflict and speciation. Philosophical 
Transactions of The Royal Society Of London Series B - Biological Sciences 353: 261-
274. 
PATERSON, H. E. H., 1985 The recognition concept of species. Transvaal Museum Monographs 
4: 21-29. 
PECCOUD, J., A. OLLOVIER, M. PLANTEGENEST and J. SIMON, 2009 A continuum of genetic 
divergence from sympatric host races to species in the pea aphid complex. PNAS 106: 
7495-7500. 
PINHO, C., and J. HEY, 2010 Divergence with gene flow: Models and data. Annual Review of  
Ecology Evolution Systematics 41: 215-230. 
PODOS, J., 2001 Correlated evolution of morphology and vocal signal structure in Darwin's 
finches. Nature 409: 185-188 
PODOS, J., 2010 Acoustic discrimination of sympatric morphs in Darwin's finches: a 
behavioural mechanism for assortative mating? Philosophcal Transactions of the Royal 
Sociey B 365: 1031-1039. 
124
PRESGRAVES, D., 2002 Patterns of postzygotic isolation in Lepidoptera. Evolution 56: 1168-
1183. 
PRICE, T., 1998 Sexual selection and natural selection in bird speciation. Philosophical 
Transactions of the Royal Society B 353: 251-260. 
PRICE, T. C., and M. BOUVIER, 2002 The evolution of F1 postzygotic isolation in birds. 
Evolution 56: 2083-2089. 
PROTAS, M., I. TABANSKY, M. CONRAD, J. B. GROSS, O. VIDAL et al., 2008 Multi-trait 
evolution in a cave fish, Astyanax mexicanus. Evolution and Development 10: 196-209. 
PROWELL, D. P., 1998 Sex linkage and speciation in Lepidoptera, pp. 309-319 in Endless 
Forms: Species and Speciation, edited by D. J. HOWARD and S. H. BERLOCHER. 
Oxford University Press, New York. 
PRYKE, S. R., 2010 Sex chromosome linkage of mate preference and color signal maintains 
assortative mating between interbreeding finch morphs. Evolution 64: 1301-1310. 
PUEBLA, O., E. BERMINGHAM and F. GUICHARD, 2011 Perspective: Matching, mate choice and 
speciation. Intergrative and Comprative Biology doi: 10.1093/icb/icr025. 
PUEBLA, O., E. BERMINGHAM, F. GUICHARD and E. WHITEMAN, 2007 Colour pattern as a 
single trait driving speciation in Hypoplectrus coral reef fishes? Proceedings of the 
Royal Society B 274: 1265-1271. 
QUEK, S.-P., B. A. COUNTERMAN, P. ALBUQUERQUE DE MOURA, M. Z. CARDOSO, C. R. 
MARSHALL et al., 2010 Dissecting comimetic radiations in Heliconius reveals divergent 
histories of convergent butterflies. PNAS 107: 7365-7370. 
QVARNSTRÖM, A., V. BLOMGREN, C. WILEY and N. SVEDIN, 2004 Female collared flycatchers 
learn to prefer males with an artificial novel ornament. Behavioural Ecology 15: 543-
548. 
QVARNSTRÖN, A., and R. I. BAILEY, 2009 Speciation through evolution of sex-linked genes. 
Heredity 104: 4-15. 
RAYCHOUDHURY, R., C. A. DESJARDINS, J. BUELLESBACH, D. W. LOEHLIN, B. K. 
GRILLENBERGER et al., 2010 Behavioral and genetic characteristics of a new species of 
Nasonia. Heredity 104: 278-288. 
REED, R., 2003 Gregarious oviposition and clutch size adjustment by a Heliconius butterfly. 
Biotropica 35: 555-559. 
REED, R. D., R. PAPA, A. MARTIN, H. M. HINES, B. A. COUNTERMAN et al., in press 
Heliconius butterfly wing pattern mimicry is driven by optix cis-regulatory variation. 
Science doi: 10.1126/science.1208227 
REYNOLDS, R. G., and B. M. FITZPATRICK, 2007 Assortative mating in poison-dart frogs based 
on an ecologically important trait. Evolution 61: 2253-2259. 
RICE, W. R., 1989 Analyzing tables of statistical tests. Evolution 43: 223-225. 
RICE, W. R., and E. E. HOSTERT, 1993 Laboratory experiments on speciation: What have we 
learned in 40 years? Evolution 47: 1637-1653. 
RIESEBERG, L. H., 2001 Chromosomal rearrangements and speciation. Trends in Ecology and 
Evolution 16: 351-358. 
RITCHIE, M. G., 2007 Sexual selection and speciation. Annual Review of  Ecology Evolution 
Systematics 38: 79-102. 
RUNDLE, H., L. NAGEL, J. W. BOUGHMAN and D. SCHLUTER, 2000 Natural selection and parrel 
speciation in sympatric sticklebacks. Science 287: 306-307. 
RUNDLE, H., and P. NOSIL, 2005 Ecological speciation. Ecology letters 8: 336-352. 
SÆTHER, S. A., G.-P. SÆTHER, T. BORGE, C. WILEY, N. SVELDIN et al., 2007 Sex 
chromosome-linked species recognition and evolution of reproductive isolation in 
flycatchers. Science 318: 95-97. 
SAETHER, S. A., G.-P. SAETRE, T. BORGE, C. WILEY, N. SVEDIN et al., 2007 Sex chromosome-
linked species recognition and evolution of reproductive isolation in flycatchers. 
Science 318: 95-97. 
125
SÆTRE, G., T. BORGE, K. LINDROOS, J. HAAVIE, B. SHELDON et al., 2003 Sex chromosome 
evolution and speciation in Ficedula flycatchers. Proceedings of the Royal Society B 
270: 21-29. 
SAETRE, G.-P., and S. A. SAETHER, 2010 Ecology and genetics of speciation in Ficedula 
flycatchers. Molecular Ecology 19: 1091-1106. 
SALAZAR, C., S. W. BAXTER, C. PARDO-DIAZ, G. WU, A. SURRIDGE et al., 2010 Genetic 
evidence for hybrid trait speciaation in Heliconius butterflies. PLoS Genetics 6: 
e1000930. 
SALAZAR, C. A., C. D. JIGGINS, C. ARIAS, A. TOBLER, E. BERMINGHAM et al., 2005 Hybrid 
incompatability is consistant with a hybrid origin of Heliconius heurippa Hewitson 
from its close relatives, Heliconius cydno Doubleday and Heliconius melpomene 
Linnaeus. Journal of Evolutionary Biology 18: 247-256. 
SAVOLAINEN, V., M.-C. ANSTETT, C. LEXAR, I. HUTTON, J. J. CLARKSON et al., 2006 
Sympatric speciation in palms on an oceanic island. Nature 441. 
SCHLUTER, D., 2009 Evidence for ecological speciation and its alternative. Science 323: 737-
741. 
SEEHAUSEN, O., Y. TERAI, I. S. MAGALHAES, K. L. CARLETON, H. D. J. MROSSO et al., 2008 
Speciation through sensory drive in cichlid fish. Nature 455: 620-U623. 
SEIMIYA, M., and W. J. GEHRING, 2000 The Drosophila homeobox gene Optix  is capable of 
inducing ectopic eyes by an eyeless-independent mechanism. Development 127: 1879-
1886. 
SERVEDIO, M. R., 2009 The role of linkage disequilibrium in the evolution of premating 
isolation. Heredity 102: 51-56. 
SERVEDIO, M. R., and M. A. NOOR, 2003 The role of reinforcement in speciation: Theory and 
data. Annual Review of Ecology and Systematics 34: 339-364. 
SERVEDIO, M. R., S. A. SAETHER and G.-P. SAETRE, 2009 Reinforcement and learning. 
Evolutioanry Ecology 23: 109-123. 
SERVEDIO, M. R., G. S. VAN DOORN, M. KOPP, A. FRAME and P. NOSIL, 2011 Magic traits: 
"magic" but not rare? Trends in Ecology and Evolution. 
SHAW, K. L., and S. C. LESNICK, 2009 Genomic linkage of male song and female acoustic 
preference QTL underlying a rapid species radiation. PNAS 106: 9737-9742 
SHECK, A. L., and F. GOULD, 1995 Genetic analysis of differences in oviposition preferences of 
Heliothis virescens and H. subflexa (Lepidoptera: Noctuidae). Environmental 
entomology 24: 341-347. 
SHEPPARD, P., J. R. G. TURNER, K. BROWN, W. BENSON and M. SINGER, 1985 Genetics and 
the evolution of Muellerian mimicry in Heliconius butterflies. Philosophical 
Transactions of The Royal Society Of London Series B 308: 433-610. 
SHERRAT, T. N., 2008 The evolution of Müllerian mimicry. Naturwissenschaften 95: 681-695. 
SHINE, R., R. N. REED, S. SHETTY, LEMASTER and R. T. MASON, 2002 Reproductive isolating 
mechanisms between two sympatric species of sea snakes. Evolution 56: 1655-1662 
SIEPIELSKI, A. M., D. DIBATTISTA and M. CARLSON, 2009 It's about time: the temporal 
dynamics of phenotypic selection in the wild. Ecology Letters 12: 1261-1276 
SLAGSVOLD, T., B. HANSEN, L. JOHANNESSON and L. LIFJELD, 2002 Mate choice and 
imprinting in birds studied by cross-fostering in the wild. Proceedings of the Royal 
Society B 269: 1149-1455. 
SLATE, J., 2005 Quantitative trait locus mapping in natural populations: progress, caveats and 
future directions. Molecular Ecology 14: 363-379. 
SLUIJS, I. V. D., O. SEEHAUSEN, T. J. M. V. DOOREN and J. J. M. V. ALPHEN, 2010 No evidence 
for a genetic association between female mating preference and male secondary sexual 
trait in a Lake Victoria cichlid fish. Current Zoology 56: 57-67. 
SMILEY, J., 1976 Plant chemistry and the evolution of host specificity: New evidence from 
Heliconius and Passiflora. Science 201: 745-747. 
126
SMILEY, J., 1978 Plant chemistry and the evolution of host specificity: new evidence from 
heliconius and passiflora. Science 201: 745-747. 
SOBEL, J. M., G. F. CHEN, L. R. WATT and D. W. SCHEMSKE, 2009 The biology of speciation. 
Evolution 64: 295-315. 
SORENSON, M. D., K. M. SEFC and R. B. PAYNE, 2003 Speciation by host switching in brood 
parasitic indigobirds. Nature 424: 928-930. 
SPERLING, F. A. H., 1994 Sex-linked genes and species differences in Lepidoptera. The 
Canadian entomologist 126. 
SPIEGELHALTER, D. J., N. G. BEST, B. P. CARLIN and A. VAN DER LINDE, 2002 Bayesian 
measures of model complexity and fit. Journal of the Royal Statistical Society 64: 583-
639. 
STENNETT, M. D., and W. J. ETGES, 1997 Premating isolation is determined by larval rearing 
substrates in cactophilic Drosophila mojavensis. III.  Epicuticular hydrocarbon variation 
is determined by use of different host plants in Drosophila mojavensis and Drosphila 
arizonae. Journal of Chemical Ecology 23: 2803-2824. 
SVEDIN, N., C. WILEY, T. VEEN, L. GUSTAFSSON and A. QVARNSTRÖM, 2008 Natural and 
sexual selection against hybrid flycatchers. Proceedings of the Royal Society B 275: 
735–744. 
SVENSSON, E. I., F. EROUKHMANOFF, K. KARLSSON, A. RUNEMARK and A. BRODIN, 2010 A 
role for learning in population divergence of mate preferences. Evolution 64: 3101-
3113. 
TAJIMA, F. 1983 Evolutionary relationship of DNA sequences in finitepopulations. Genetics 
105: 437-460. 
TEN CATE, C., and D. R. VOS, 1999 Sexual imprint and evolutionary processes in birds: a 
reassessment. Advanced Study Behaviour 28: 1-31. 
THOMAS, C. D., 1990 Fewer species. Nature 347: 702-705. 
THOMPSON, J. N., 1988 Evolutionary genetics of ovipostion preference in swallowtail 
butterflies. Evolution 42: 1223-1234. 
TURNER, J. R. G., 1971 Two thousand generations of hybridization in a Heliconius butterfly. 
Evolution 25: 471-482. 
TURNER, J. R. G., 1981 Adaption and evolution in Heliconius - a defence of Neodarwinism. 
Annual Review of Ecology and Systematics 12: 99-121. 
VAN DOORN, G. S., U. DIECKMANN and F. J. WEISSING, 2004 Sympatric speciation by sexual 
selection: a critical re-evaluation. American Naturalist 163: 709-725. 
VAN DOORN, G. S., P. EDELAAR and F. J. WEISSING, 2009 On the origin of species by natural 
and sexual selection. Science 326: 1704-1707. 
VAN DOORN, G. S., A. J. NOEST and HOGEWEG, 1998 Sympatric speciation and extinction 
driven by environment dependent sexual selection. Proceedings of the Royal Society B 
265: 1915-1919. 
VAN DOORN, G. S., and F. J. WEISSING, 2001 Ecological versus sexual selection models of 
sympatric speciation: a synthesis. Selection 2: 17-40. 
VANE-WRIGHT, R. I., 1978 Ecological and behavioural origins of diversity in butterflies, pp. 56-
70 in Diversity of Insect Faunas, edited by L. MOUND and N. WALOFF. Blackwell 
Scientific, Oxford, UK. 
VERZIJDEN, M. N., R. E. M. KORTHOF and C. TEN CATE, 2008 Females learn from mothers and 
males learn from others. The effect of mother and siblings on the development of 
female mate preferences and male aggression biases in Lake Victoria cichlids, genus 
Mbipia. Behavioural Ecology and Sociobiology 62: 1359-1368. 
VERZIJDEN, M. N., and C. TEN CATE, 2007 Early learning influences species assortative mating 
preferences in Lake Victoria cichlid fish. Biology Letters 3: 134-136. 
VIA, S., and J. WEST, 2008 The genetic mosaic suggests a new role for hitchhiking in ecological 
speciation. Molecular Ecology 17: 4334-4345. 
127
VON HELVERSEN, D., and O. VON HELVERSEN, 1975a Verhaltensgenetishe Untersuchungen am 
akustischen kommunikationssystem der feldheuschrecken (Orthoptera: Acrididae). I 
Dergesang von artbastarden zwischen Chorthippus biguttulus und Ch. mollis. Journal of 
Comparative Physiology 104: 273-299. 
VON HELVERSEN, D., and O. VON HELVERSEN, 1975b Verhaltensgenetishe Untersuchungen am 
akustischen kommunikationssystem der feldheuschrecken (Orthoptera: Acrididae). II. 
Das lautschema von artbastarden zwishen Chorthippus biguttulus und Ch. mollis. 
Journal of Comparative Physiology 104: 301-323. 
WALLACE, A. R., 1860 Letter 2627—Wallace, A. R. to Darwin, C.R. 
http://www.darwinproject.ac.uk/darwinletters/calendar/entry-2627.html, University of 
Cambridge. 
WEISSING, F. J., P. EDELAAR and G. S. VAN DOORN, 2011 Adaptive speciation theory: a 
conceptual review. Behavioural Ecology and Sociobiology 65: 461-480. 
WILEY, C., and K. L. SHAW, 2010 Multple genetic linkages between female preference and 
male signal in rapidly speciating Hawaiian crickets. Evolution 64: 2238-2245. 
WILLIAMS, M. A., A. G. BLOUIN and M. A. NOOR, 2001 Courtship songs of Drosophila 
pseudoobscura and D. persimilis. II. Genetics of species differences. Heredity 86: 68-
77. 
WOOD, H. M., J. W. GRAHAME, S. J. HUMPHRAY, J. ROGERS and R. BUTLIN, 2008 Sequence 
differentiation in regions identified by a genome scan for local adaptation. Molecular 
Ecology 17: 3123-3135. !!
128
!
          Appendix 1 
    !!
 Appendix 1.1 Raw data for selection experiment (Chapter 2). Models were checked at 
24 (‘Day 1’), 48 (‘Day 2’) and 72 hours (‘Day 3’). Total ‘hits’ is the total number of models 
attacked over the course of 72 hours before (A) and after (B) ‘blind scoring’. Total models 
is the number of models after missing models were excluded from analysis and 
additionally those excluded after ‘blind scoring’ 
 
     
Model Type DAY 1 DAY 2 DAY 3 Total ‘hits’ Total models 
      
A Before ‘blind scoring’     
i) Closed canopy (cydno) habitat     
H. melpomene 3 0 1 4 236 
H. cydno 5 3 2 10 236 
Hybrid 3 10 6 19 237 
ii) Open canopy (melpomene) habitat     
H. melpomene 3 3 4 10 234 
H. cydno 10 3 3 16 232 
Hybrid 9 4 8 21 232 
      
B After ‘blind’ scoring     
i) Closed canopy (cydno) habitat     
H. melpomene 2 0 1 3 235 
H. cydno 3 2 2 7 233 
Hybrid 2 5 5 12 231 
ii) Open canopy (melpomene) habitat     
H. melpomene 2 2 3 7 231 
H. cydno 7 3 1 11 227 
Hybrid 7 4 7 18 229 !!
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 Appendix 1.2 Bird species used in live butterfly experiments (Chapter 2).   
     
Trial Number Bird species     
      
1 Panama flycatcher     
2 Panama flycatcher     
4 Great-crested flycatcher     
5 Great-crested flycatcher     
6 Olive-striped flycatcher     
8 Blue-crowned motmot     
9 Streaked flycatcher     
10 Tropical Kingbird     
11 Social flycatcher     
13 Social flycatcher     
14 Tropical Kingbird     
15 Tropical Kingbird     
22 Boat-billed flycatcher     
25 Panama flycatcher     
26 Panama flycatcher     
36 Royal flycatcher      
41 Panama flycatcher     
42 Panama flycatcher     
44 Panama flycatcher     
46 Black-throated trogon     
47 Lesser elaenia     
49 Grey-headed tanager     
42 Panama flycatcher     
44 Panama flycatcher     
46 Great-crested flycatcher     
47 Great-crested flycatcher     !!!!
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 Appendix 1.3 – Raw data for mate choice experiments between (A) H. melpomene 
amaryllis and H. melpomene aglaope and (B) H. melpomene rosina and H. cydno 
chionus (Chapter 3). Data for the comparisons between colour morphs of H. cydno 
alithea and H. cydno galanthus and H. pachinus, provided by Marcus Kronforst, are not 
included. 
 
     
 Male Type   Courtship 
      
 
   A 
   towards                           
H. melpomene aglaope 
towards                            
H. melpomene amaryllis 
1 H. melpomene aglaope   5 5 
2 H. melpomene aglaope   1 5 
3 H. melpomene aglaope   0 1 
4 H. melpomene aglaope   2 0 
5 H. melpomene aglaope   5 5 
6 H. melpomene aglaope   2 0 
7 H. melpomene aglaope   2 0 
8 H. melpomene aglaope   1 0 
9 H. melpomene aglaope   9 11 
10 H. melpomene aglaope   2 3 
      
11 H. melpomene amaryllis   2 5 
12 H. melpomene amaryllis   0 3 
13 H. melpomene amaryllis   0 2 
14 H. melpomene amaryllis   0 2 
15 H. melpomene amaryllis   0 1 
16 H. melpomene amaryllis   3 0 
17 H. melpomene amaryllis   0 1 
18 H. melpomene amaryllis   2 2 
19 H. melpomene amaryllis   2 3 
20 H. melpomene amaryllis   2 1 
21 H. melpomene amaryllis   3 5 
22 H. melpomene amaryllis   0 4 
23 H. melpomene amaryllis   1 5 
      
      
131
      
 Appendix 1.3 – continued  
B    
towards                           
H. cydno chioneus 
towards                              
H. melpomene rosina 
1 H. melpomene rosina   0 16 
2 H. melpomene rosina   0 3 
3 H. melpomene rosina   0 11 
4 H. melpomene rosina   3 5 
5 H. melpomene rosina   1 13 
6 H. melpomene rosina   0 6 
7 H. melpomene rosina   0 14 
8 H. melpomene rosina   0 5 
9 H. melpomene rosina   0 9 
10 H. melpomene rosina   0 5 
11 H. melpomene rosina   0 9 
12 H. melpomene rosina   3 9 
13 H. melpomene rosina   0 4 
14 H. melpomene rosina   5 54 
15 H. melpomene rosina   2 31 
16 H. melpomene rosina   2 43 
      
17 H. cydno chioneus    12 1 
18 H. cydno chioneus   4 3 
19 H. cydno chioneus   1 0 
20 H. cydno chioneus   5 0 
21 H. cydno chioneus   26 3 
22 H. cydno chioneus   4 1 
23 H. cydno chioneus   15 3 
24 H. cydno chioneus   6 1 
25 H. cydno chioneus   2 0 
26 H. cydno chioneus   1 2 
27 H. cydno chioneus   3 1 
28 H. cydno chioneus   2 0 
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 Appendix 1.3 – continued  
    
towards                           
H. cydno chioneus 
towards                              
H. melpomene rosina 
29 H. cydno chioneus   2 0 
30 H. cydno chioneus   2 4 
31 H. cydno chioneus   3 0 
32 H. cydno chioneus   3 0 
33 H. cydno chioneus   2 0 
34 H. cydno chioneus   15 3 
35 H. cydno chioneus   9 0 
36 H. cydno chioneus   4 1 
37 H. cydno chioneus   6 1 
38 H. cydno chioneus   2 0 
39 H. cydno chioneus   1 1 
40 H. cydno chioneus   16 1 
41 H. cydno chioneus   4 1 
42 H. cydno chioneus   1 0 
43 H. cydno chioneus   5 0 
29 H. cydno chioneus   2 0 
      !!!!!!!!!!!!!!!!!!!!!
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! Appendix 1.4 – Raw data for male mate choice experiments for F1 hybrids between 
H. cydno and H. melpomene (Chapter 4).! !! ! ! !
Insectary ID Number of Trials Courtship 
  
towards                           
H. cydno  
towards                              
H. melpomene  
    
103 2 6 4 
121 5 1 11 
127 5 0 5 
132 5 4 0 
133 5 5 12 
135 5 4 9 
141 5 2 6 
143 3 1 5 
145 5 2 20 
146 5 1 2 
150 5 1 12 
154 5 3 4 
160 5 0 5 
161 5 0 5 
178 5 4 13 
179 5 3 11 
193 5 1 11 
204 5 3 23 
217 5 1 12 
221 5 1 4 
224 5 8 8 
- 2 2 9 
117* 5 1 17 
    !!!!!!
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! ! Appendix 1.5 – Raw data for male mate choice experiments for backcross to H. 
melpomene hybrids (Chapter 4)! !! ! ! !
Insectary ID Number of Trials Courtship 
  
towards                           
H. cydno  
towards                              
H. melpomene  ! ! !
129 5 0 12 
139 5 1 3 
169 5 0 13 
174 5 2 9 
180 5 1 14 
198 5 4 15 
199 5 0 8 
203 5 1 3 
227 5 0 18 
234 5 4 6 
239 5 0 13 
241 1 2 3 
242 5 1 8 
244 5 1 3 
249 5 1 9 
252 5 0 1 
259 1 0 3 
260 5 2 10 
261 5 2 12 
264 5 0 4 
268 5 1 13 
270 2 0 0 
288 5 0 12 
298 5 0 2 
303 5 2 12 
318 5 0 8 
    
    !
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 Appendix 1.5 – continued  
  
towards                                
H. cydno  
towards                              
H. melpomene  
319 5 0 5 
350 5 1 15 
353 4 0 12 
368 5 1 9 
    !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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! ! Appendix 1.6 – Raw data for male mate choice experiments for backcross to H. 
cydno hybrids (Chapter 4)! !! ! ! ! ! ! !
Insectary ID Color pattern loci Trials Courtship 
 B Yb Ac 
 
towards                           
H. cydno 
towards                                
H. melpomene ! ! ! ! ! ! !
112 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 13 3 
118 bb Yb(CP)Yb(CP) ac(CP)ac(CP) 4 12 0 
123 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 13 12 
130 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 2 2 
137 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 7 13 
148 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 8 12 
250 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 9 9 
256 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) 5 0 0 
269 bb Yb(CP)Yb(CP) ac(CP)ac(CP) 5 0 4 
280 Bb - Ac(MP)ac(CP) 5 9 18 
281 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 9 3 
285 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 2 0 
294 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 4 16 
295 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 5 7 
297 Bb Yb(CP)yb(MP) - 5 11 2 
302 bb Yb(CP)Yb(CP) ac(CP)ac(CP) 5 8 0 
306 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 1 3 
308 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 1 4 
309 bb Yb(CP)Yb(CP) ac(CP)ac(CP) 5 10 6 
311 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 10 2 
315 bb Yb(CP)yb(MP) - 5 21 7 
316 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 3 3 
317 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 6 5 
322 bb - ac(CP)ac(CP) 5 0 0 
325 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) 1 0 0 
327 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 1 0 
332 Bb - Ac(MP)ac(CP) 5 2 7 
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towards                           
H. cydno 
towards                                
H. melpomene 
334 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 0 4 
336 bb Yb(CP)yb(MP) ac(CP)ac(CP) 4 7 8 
337 Bb - Ac(MP)ac(CP) 5 4 5 
339 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 4 12 
340 bb - ac(CP)ac(CP) 5 2 1 
341 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 0 1 
342 bb Yb(CP)Yb(CP) ac(CP)ac(CP) 5 3 0 
344 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 6 0 
346 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 1 3 
348 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 1 2 
355 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 7 3 
357 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 5 6 
361 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 5 2 
363 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 22 0 
369 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 3 7 
373 bb Yb(CP)yb(MP) - 5 2 1 
380 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 5 2 
381 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 2 2 
384 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 3 0 
385 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 5 0 
386 bb Yb(CP)yb(MP) ac(CP)ac(CP) 2 18 0 
387 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 4 0 
388 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 8 3 
394 bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 5 2 
399 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 1 3 
401 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) 5 12 4 
402 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) 4 3 6 
404 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 1 5 
405 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) 5 9 3 
413 Bb - ac(CP)ac(CP) 5 4 5 
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towards                           
H. cydno 
towards                                
H. melpomene 
414 bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 16 5 
415 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 10 4 
416 bb - ac(CP)ac(CP) 5 36 5 
428 Bb - ac(CP)ac(CP) 4 1 0 
429 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 0 0 
431 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 5 2 
432 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 7 4 
435 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 4 0 3 
436 Bb - Ac(MP)ac(CP) 2 0 0 
437 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 3 11 9 
438 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 3 2 
442 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 0 2 
443 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 0 2 
451 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 20 12 
467 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) 4 0 1 
472 bb Yb(CP)Yb(CP) ac(CP)ac(CP) 5 5 2 
474 bb - ac(CP)ac(CP) 4 3 8 
476 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 3 3 1 
477 bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 9 1 
478 bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 7 0 
484 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 3 0 
486 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 9 11 
496 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 8 11 
501 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 1 2 
502 bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 1 3 
503 bb - Ac(MP)ac(CP) 4 5 2 
517 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 5 3 2 
518 bb - Ac(MP)ac(CP) 5 3 5 
118* bb Yb(CP)Yb(CP) ac(CP)ac(CP) 5 5 1 
470? Bb - Ac(MP)ac(CP) 5 1 12 
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 Appendix 1.7 – Raw data for female mate ‘choice’ experiments for F1 hybrids 
between H. cydno and H. melpomene (Chapter 4). MP = H. melpomene and CP = H. 
cydno. 
 
     
 Mated  Number observations Courtship 
    by                         
H. cydno  
by                         
H. melpomene  
 
 
   
  
1 CP  0 - - 
2 NOT  5 0 15 
3 CP  0 - - 
4 MP  0 - - 
5 NOT  0 - - 
6 NOT  4 0 3 
7 NOT  4 0 12 
8 MP  0 - - 
9 MP  2 3 7 
10 MP  1 1 0 
11 NOT  1 0 1 
12 NOT  1 0 0 
13 NOT  0 - - 
14 NOT  2 1 8 
15 NOT  0 - - 
16 NOT  3 5 6 
17 NOT  2 2 0 
18 NOT  0 - - 
19 NOT  0 - - 
20 NOT  1 1 0 
21 NOT  1 0 0 
22 CP  0 - - 
23 NOT  5 0 15 
24 NOT  2 0 1 
25 NOT  3 0 4 
26 MP  0 - - 
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    by H. cydno  by H. melpomene  
27 MP  0 - - 
28 NOT  0 - - 
29 MP  2 14 12 
30 NOT  4 7 10 
31 NOT  3 11 17 
32 NOT  2 7 9 
33 NOT  3 7 16 
34 CP  0 - - 
35 NOT  1 0 2 
36 CP  1 1 3 
      
      
      
      
      
      
      !!!!!!!!!!!!!!!!!!!!
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 Appendix 1.8 – Raw data for female mate ‘choice’ experiments for backcross to H. 
melpomene hybrids (Chapter 4). MP = H. melpomene and CP = H. cydno.  
 
     
ID Color Pattern Mated Number Courtship 
 Yb  observations by                         
H. cydno 
by                         
H. melpomene 
      
119* yb(MP)yb(MP) MP 0 - - 
120 - MP 0 - - 
124 yb(MP)yb(MP) MP 0 - - 
125 yb(MP)yb(MP) MP 0 - - 
136 yb(MP)yb(MP) MP 0 - - 
158 Yb(CP)yb(MP) NOT 5 1 5 
168 Yb(CP)yb(MP) MP 1 0 0 
175 Yb(CP)yb(MP) MP 0 - - 
183 Yb(CP)yb(MP) MP 0 - - 
185 yb(MP)yb(MP) NOT 2 0 2 
192 - MP 0 - - 
194 yb(MP)yb(MP) MP 3 0 3 
200 Yb(CP)yb(MP) NOT 2 0 0 
202 yb(MP)yb(MP) - 1 0 0 
228 - MP 0 - - 
236 Yb(CP)yb(MP) MP 0 - - 
240 - MP 2 2 3 
245 - MP 3 1 7 
248 Yb(CP)yb(MP) MP 1 0 3 
251 Yb(CP)yb(MP) MP 1 2 2 
258 Yb(CP)yb(MP) NOT 5 0 7 
278 - NOT 0 - - 
283 - MP 3 1 2 
291 yb(MP)yb(MP) MP 0 - - 
292 yb(MP)yb(MP) NOT 3 0 11 
300 Yb(CP)yb(MP) MP 2 1 1 
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    by H. cydno by H. melpomene 
301 Yb(CP)yb(MP) NOT 1 0 0 
304 Yb(CP)yb(MP) NOT 3 0 2 
349 Yb(CP)yb(MP) MP 2 0 2 
391 - MP 3 2 6 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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! ! Appendix 1.9 – Raw data for female mate ‘choice’ experiments for backcross to H. 
cydno hybrids (Chapter 4). MP = H. melpomene and CP = H. cydno.! !
ID Color pattern Loci Mated Number Courtships 
 B Yb Ac  Observations by                         
H. cydno 
by                            
H. melpomene ! ! ! ! ! ! ! !
254 bb - ac(CP)ac(CP) MP 3 35 1 
471 bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 2 0 0 
454 bb Yb(CP)yb(MP) ac(CP)ac(CP) CP 0 - - 
465 bb - ac(CP)ac(CP) - - - - 
326a Bb - ac(CP)ac(CP) - - - - 
382 bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 1 0 0 
275 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 0 - - 
323 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 1 2 0 
487 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 1 1 0 
287 bb Yb(CP)yb(MP) ac(CP)ac(CP) CP 2 2 0 
397 bb Yb(CP)yb(MP) ac(CP)ac(CP) CP 3 3 0 
267 Bb Yb(CP)yb(MP) ac(CP)ac(CP) CP 3 15 7 
307 Bb Yb(CP)yb(MP) ac(CP)ac(CP) CP 3 5 1 
321 Bb Yb(CP)yb(MP) ac(CP)ac(CP) CP 1 1 2 
375 Bb Yb(CP)yb(MP) ac(CP)ac(CP) CP 2 5 0 
449 bb - ac(CP)ac(CP) CP 2 0 0 
532 bb - ac(CP)ac(CP) NOT 0 - - 
538 bb - ac(CP)ac(CP) - 2 0 0 
383 bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 1 0 0 
419 bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 1 0 0 
468 bb Yb(CP)Yb(CP) ac(CP)ac(CP) NOT 1 0 0 
493 bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 3 15 0 
506 bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 2 10 0 
393 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 3 0 0 
411 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 3 8 2 
515 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) CP 1 8 0 
376 bb Yb(CP)yb(MP) ac(CP)ac(CP) NOT 2 8 0 
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by                         
H. cydno 
by                            
H. melpomene 
389 bb Yb(CP)yb(MP) ac(CP)ac(CP) - 2 0 0 
504 bb Yb(CP)yb(MP) ac(CP)ac(CP) NOT 2 1 1 
513 bb Yb(CP)yb(MP) ac(CP)ac(CP) NOT 1 0 0 
527 bb Yb(CP)yb(MP) ac(CP)ac(CP) NOT 2 0 0 
545 bb Yb(CP)yb(MP) ac(CP)ac(CP) - 2 1 0 
329 Bb Yb(CP)yb(MP) ac(CP)ac(CP) NOT 3 8 0 
331 Bb Yb(CP)yb(MP) ac(CP)ac(CP) NOT 3 38 2 
445 Bb Yb(CP)yb(MP) ac(CP)ac(CP) CP 2 0 2 
461 Bb Yb(CP)yb(MP) ac(CP)ac(CP) CP 1 1 0 
542 Bb Yb(CP)yb(MP) ac(CP)ac(CP) NOT 2 0 0 
293 bb - Ac(MP)ac(CP) CP 2 10 0 
444 bb - Ac(MP)ac(CP) NOT 2 3 1 
253 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 1 5 0 
263 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 3 8 0 
312 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 2 9 1 
430 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) NOT 1 3 1 
456 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 2 3 0 
255 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) MP 2 18 10 
305 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 3 5 3 
330 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 3 18 0 
481 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 0 - - 
326 bb Yb(CP)yb(MP) Ac(MP)ac(CP) NOT 0 9 0 
378 bb Yb(CP)yb(MP) Ac(MP)ac(CP) CP 1 0 0 
427 bb Yb(CP)yb(MP) Ac(MP)ac(CP) NOT 1 0 0 
286 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 2 2 1 
314 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 2 1 0 
320 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 2 4 0 
423 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 0 - - 
374 bb Yb(CP)yb(MP) Ac(MP)ac(CP) CP 1 1 0 
  !
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! ! ! ! ! by                         
H. cydno 
by                            
H. melpomene 
484 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) CP 2 0 0 
485 bb - Ac(MP)ac(CP) NOT 3 28 1 
425 Bb - Ac(MP)ac(CP) NOT 1 0 0 
266 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 3 4 1 
396 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) NOT 3 4 0 
408 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) NOT 3 3 0 
469 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 1 1 0 
290 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 3 3 2 
512 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) CP 1 3 1 
530 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) NOT 1 0 0 
296 bb Yb(CP)yb(MP) Ac(MP)ac(CP) CP 2 5 0 
313 bb Yb(CP)yb(MP) Ac(MP)ac(CP) NOT 3 8 0 
548 bb Yb(CP)yb(MP) Ac(MP)ac(CP) NOT 0 - - 
299 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) NOT 2 1 0 
377 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) NOT 2 0 0 
450 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) NOT 2 0 0 
455 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) MP 2 0 3 
462 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) CP 1 0 0 
497 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) NOT 0 - - 
514 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) CP 1 0 5 
147 - - - NOT 5 12 1 
149 - - - CP 2 9 1 
324 - - - CP 2 0 1 
335 - - - MP 0 - - 
345 - - - NOT 0 - - 
352 - - - CP 2 0 0 
354 - - - CP 0 - - 
362 - - - NOT 0 - - 
390 - - - CP 0 - - 
  !
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! by                         
H. cydno 
by                            
H. melpomene 
398 - - - NOT 3 0 3 
412 - - - NOT 3 4 0 
418 - - - CP 2 1 0 
424 - - - NOT 0 - - 
457 - - - CP 0 - - 
459 - - - CP 0 - - 
466 - - - CP 0 - - 
470 - - - NOT 0 - - 
499 - - - CP 2 6 3 
505 - - - CP 1 1 0 
526 - - - CP 2 0 0 
531 - - - CP 1 1 1 
537 - - - CP 2 3 2 
543 - - - CP 1 0 0 
544 - - - CP 2 1 0 
546 - - - CP 1 0 0 
549 - - - CP 2 0 0 !!!!!!!!!!!!!!!!!!!!
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 Appendix 1.10 – Raw data for host plant choice experiments for H. cydno hybrids, H. 
melpomene, their F1 hybrids and backcross to H. melpomene hybrids (BC) (Chapter 6).  
 
    
Type ID Egg laid on Egg laid on 
  P. menspermifolia P. vitifolia 
    
H. cydno 109 5 13 
H. cydno 110 1 32 
H. cydno 163 13 10 
H. cydno 167 14 16 
H. cydno 168* 11 3 
H. cydno c84 13 13 
H. cydno c94 7 11 
H. cydno 1183 9 3 
H. cydno 1084 1 17 
H. cydno c70 20 17 
H. cydno c72 25 24 
H. cydno c71 8 7 
H. cydno c99 8 3 
H. melpomene 015 26 0 
H. melpomene 016 37 0 
H. melpomene 017 18 0 
H. melpomene 031 16 0 
H. melpomene 032 5 0 
H. melpomene 033 33 0 
H. melpomene 034 25 0 
H. melpomene 035 9 0 
H. melpomene 040 19 0 
H. melpomene 049 20 0 
H. melpomene 050 19 0 
H. melpomene 051 2 0 
H. melpomene 052 36 0 
H. melpomene 053 25 0 
H. melpomene 056 23 0 
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  P. menspermifolia P. vitifolia 
H. melpomene 057 11 0 
H. melpomene 058 12 0 
H. melpomene 059 8 0 
H. melpomene 090 17 0 
H. melpomene 092 25 0 
H. melpomene 093 13 0 
H. melpomene 111 5 0 
F1 004 16 3 
F1 005 28 2 
F1 007 0 0 
F1 010 19 0 
F1 011 23 11 
F1 020 19 15 
F1 021 0 0 
F1 116 50 0 
F1 126 9 0 
F1 132 13 0 
F1 134 3 0 
F1 155 2 0 
F1 205 0 0 
F1 206 3 0 
F1 210 3 0 
F1 215 0 0 
F1 220 0 0 
F1 229 0 0 
F1 232 0 0 
F1 ill 26 0 
BC 088 29 0 
BC 119* 52 0 
BC 124 19 0 
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  P. menspermifolia P. vitifolia 
BC 125 21 0 
BC 136 18 0 
BC 168 16 0 
BC 175 24 0 
BC 183 10 0 
BC 228 49 0 
BC 236 18 0 
BC 240 31 0 
BC 248 20 0 
BC 251 20 0 
BC 283 19 0 
BC 290 0 0 
BC 291 0 0 
BC 300 31 0 
BC 349 22 0 !!!!!!!!!!!!!!!!!!!!!!!
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 Appendix 1.11 – Raw data for host plant choice experiments for backcross to H. cydno 
hybrids (BC) (Chapter 6).  
      
ID Colour pattern  Egg laid on Egg laid on 
 B Yb Ac P. menspermifolia P. vitifolia 
      
374 bb Yb(CP)yb(MP) Ac(MP)ac(CP) 5 4 
487 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) 9 1 
307 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 5 5 
321 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 8 2 
320 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 14 0 
314 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 17 0 
465 bb NA ac(CP)ac(CP) 21 0 
542 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 21 0 
423 Bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 23 0 
286 bb Yb(CP)Yb(CP) Ac(MP)ac(CP) 18 6 
484 Bb Yb(CP)yb(MP) Ac(MP)ac(CP) 27 0 
275 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) 18 11 
287 bb Yb(CP)yb(MP) ac(CP)ac(CP) 24 5 
267 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 22 7 
382 bb Yb(CP)Yb(CP) ac(CP)ac(CP) 24 9 
397 bb Yb(CP)yb(MP) ac(CP)ac(CP) 30 4 
323 Bb Yb(CP)Yb(CP) ac(CP)ac(CP) 22 13 
375 Bb Yb(CP)yb(MP) ac(CP)ac(CP) 23 15 
326a Bb NA ac(CP)ac(CP) 25 14 !!
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Mu¨llerian Mimicry: Sharing the Load
Reduces the Legwork
Color pattern mimicry has long been held up as a powerful example of natural
selection. A recent study supports the theory by describing Mu¨llerian mimicry
rings in Appalachianmillipedes that are analogous to those observed in tropical
butterflies.
Richard M. Merrill
and Chris D. Jiggins
‘‘‘Natural Selection’ explains almost
everything in Nature’’, Wallace wrote to
Darwin, just a year after the publication
of the Origin, ‘‘but there is one class
of phenomena I cannot bring under
it — the repetition of the forms and
colours of animals in distinct groups,
but the two always occurring in the
same country and generally on the
very same spot’’ [1]. Wallace need not
have worried as mimicry soon became,
and remains, one of the most intriguing
and powerful examples of natural
selection. This has once again been
demonstrated by a new study of
Appalachian millipedes [2].
In 1862, Henry Walter Bates [3]
suggested that perfectly tasty
individuals might gain an advantage by
mimicking unpalatable or dangerous
species, effectively parasitizing the
warning signal of the model. A few
years later, Johannes Friedrich (‘Fritz’)
Mu¨ller, a German emigrant to Brazil,
proposed an alternative but related
hypothesis, whereby unpalatable
species benefit by converging on
the same warning pattern, thereby
more efficiently advertising their
distastefulness to potential predators
[4]. Mu¨ller’s description of mutualistic
mimicry included what was perhaps
the first mathematical model in
evolutionary biology [5].
Bates and Mu¨ller were both heavily
influenced by their travels in South
America. In particular, widespread
mimicry between unpalatable tropical
butterflies struck a chord with Mu¨ller.
As recently demonstrated by Marek
and Bond [2], however, Mu¨llerian
mimicry is neither an exclusively
tropical nor an exclusively lepidopteron
phenomenon. In their study, seven
species of brightly colored Apheloriine
millipedes, all endemic to the
temperate forests of the Appalachian
Mountains in the United States, are
shown to form Mu¨llerian mimicry
rings, or groups of species sharing
a mimetic pattern, analogous to
those of tropical butterflies (Figure 1).
Interestingly, apheloriines lack eyes,
making them a particularly good
system in which to study warning
mimicry — being blind there can be
no sexual selection acting on warning
color. In contrast, many other mimetic
species, such as Heliconius butterflies,
use color patterns in mate choice, such
that multiple selection pressures need
to be considered to fully understand
color pattern evolution [6].
To human observers, co-occurring
millipede species look strikingly
similar. In order to quantify this
similarity, Marek and Bond [2]
measured spectral reflectance of
coloured spots and corrected for the
forest light environment. They then
applied an arbitrary similarity threshold
to classify species as mimetic within
a site. Their use of spectral reflectance
measurements clearly improves on
a purely subjective assessment of
mimicry by human observers, but
the degree of similarity required to
classify two taxa as mimetic remains
arbitrary. As has been recognised for
some time, a better knowledge of
the discriminatory powers of relevant
predators would greatly enhance our
understanding of mimicry and of the
degree of similarity necessary to
generate a selective advantage [7].
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A phylogeny of the millipedes
was then used to demonstrate that
pattern similarity was not solely due
to common ancestry. Indeed, similar
patterns were repeatedly observed in
divergent clades, providing convincing
evidence for convergent evolution.
The pattern is reminiscent of that
seen in neotropical Heliconius
butterflies, where pairs of mimetic
species are found in the two most
divergent clades of the genus [8].
Mu¨llerian mimicry theory predicts
that less abundant species will
evolve to mimic a more abundant or
better-defended ‘model’. This has
been termed ‘advergence’, to contrast
with the alternative of ‘convergence’,
where both species evolve towards
an intermediate pattern. Among the
millipedes, estimates of current
abundance based on field capture
data, and of historical population
size derived from genetic data, both
indicate that the Apeloria clade are
more common than the Brachoria
clade. Thus, it seems most likely that
the former represent the ‘models’
and the latter ‘mimics’. Nonetheless,
while we agree that this is certainly
the most probable scenario, the data
certainly do not convincingly rule out
alternatives. Neutral molecular markers
may indicate that Apeloria clade
species are older, but this does not rule
out more recent and ongoing colour
pattern evolution, perhaps involving
coevolution with Brachoria. As in other
mimicry systems, a definitive answer
regarding the evolutionary history of
the patterns will require sequencing
the genes that actually control
color patterns, rather than making
inferences from unlinked neutral
markers.
Apheloriine millipedes are therefore
comparable to better-known, tropical
examples of Mu¨llerian mimicry such
as Dendrobates frogs [9] and the
diverse mimicry complexes involving
neotropical heliconiine and ithomiine
butterflies [8,10]. In particular, the
two Heliconius species H. erato and
H. melpomene converge on the same
brightly colored warning pattern within
a single locality but show striking,
geographically concordant diversity
across their range, much like the
Apheloriine millipedes. Similarly
H. erato, like the Apheloria clade
millipedes, is often more locally
abundant and frequently considered
the ‘model’ [11].
Apart from being a compelling
new example, do the Appalachian
millipedes tell us anything new
about Mu¨llerian mimicry generally?
There seem to be interesting
differences between temperate
and tropical systems. Mu¨llerian
mimicry in temperate areas is often
‘impressionistic’, a good example
being bumble bees, which show
geographically convergent patterns
but not precise mimicry [7]. The
Appalachian millipedes similarly show
varying degrees of perfection in their
mimetic patterns and are described
as ‘impressionistic’. This contrasts
with the repeated, astonishingly
precise mimicry among Heliconius
butterflies. One reason for this
difference may be that temperate
Mu¨llerian mimics tend to be dangerous
rather than simply unpalatable.
Remarkably, Marek and Bond [2] note
that a single millipede ‘‘can secrete 18-
fold the amount of hydrogen cyanide
Figure 1. Mu¨llerian mimicry in North American Apheloriine millipedes, Neotropical Heliconius
butterflies and Peruvian Ranitomeya (Dendrobates) frogs.
In each case, populations of distantly related species converge on the same brightly colored
warning pattern within a single locality, but show geographically concordant diversity across
their range. (A) Millipedes of the Apheloria clade (top row) and their mimics in the Brachoria
clade (bottom row). (B) Heliconius erato (top row) and its mimic Heliconius melpomene
(bottom row). (C) Ranitomeya imitator (left in both panels) and its mimics R. surmmersi (left
panel) and R. ventrimaculata (right panel). Photo credits: (A) Paul Marek; (B) Bernard D’Abrera;
(C) Jason Brown.
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necessary to kill a pigeon-sized bird’’,
whereas mimetic tropical butterflies
are often merely described as
‘distasteful’.
Truly nasty Mu¨llerian mimics are
found in the tropics — poison arrow
frogs are clearly a little more than
‘distasteful’ [9] and pitvipers are, after
all, best avoided [12] — but perhaps
nearer the equator mimicry can also
evolve more easily among less well
defended species. The diversity of
predators is much greater in the
tropics, and there are more
insectivores specialising on flying
insects such as butterflies, so
mimicry may be favored for signalling
to particular predators. The great
diversity of potential prey may also
increase the selection pressure for
mimicry, as predators are unlikely to
be capable of learning a vast diversity
of suitable prey in tropical communities
[5]. Additionally, birds, often implicated
as the ‘predator’ in mimicry systems,
are known to live longer in the
tropics, offering greater opportunity
for learning [13].
A recent review of warning coloration
and mimicry recommends that ‘‘more
experimental field studies, especially
with non-lepidopteran groups’’ are
needed to better understand the
phenomenon [7]. The Appalachian
millipedes offer a great opportunity to
study poorly understood aspects of
Mu¨llerian mimicry, such as predator
discrimination and perception, the
strength of selection for mimicry
and the reasons for geographical
heterogeneity in mimicry signals.
Overall, however, this is an elegant
new example of Mu¨llerian mimicry,
an evolutionary phenomenon that
remains one of the most compelling
examples of natural selection,
130 years after its first discovery.
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